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£/ IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Appl. No. : 10/613,374 Confirmation No. 7181 

Applicants : S. Datta et al. 

Filed : July 3, 2003 

TC/A.U. : 1711 

Examiner : Nathan M. Nutter 

Docket No. : 1998B037A/2 

Customer No. : 1473 



Hon. Commissioner for Patents New York, New York 10020 

P.O. Box 1450 April 22, 2004 

Alexandria, VA 22313-1450 

DECLARATION OF PROFESSOR RUFINA G. ALAMO 

Sir: 

I, RUFINA G. ALAMO, Ph.D., declare that: 

1 . I am a Professor in the Department of Chemical Engineering at Florida 
A&M University and Florida State University (FAMU-FSU). I make this declaration in support 
of Datta et al.'s U.S. patent application serial no. 10/613,374. 

2. I have been a tenured Professor at FAMU-FSU since August 8, 2003. 
Prior to this, I held the position of Associate Professor (1995-2003) in the Chemical Engineering 
Department at FAMU-FSU. 

3. I received my Bachelor of Science and Master of Science degrees in 
Chemistry from the University of Valladolid, Spain, in 1977 and 1978, respectively. I was 
awarded a Doctor of Philosophy in Chemistry from Complutense University of Madrid, Spain, in 
1981. Further details of my educational and research career are set forth in my curriculum vitae, 
which is attached hereto as Exhibit 1 . 
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4. My overall research interests focus on phase transitions in polymeric 
materials, including crystallization and melting processes in flexible and semi-rigid polymers, 
random copolymers, and polymer blends. My current research topics include crystallization and 
melting kinetics of polypropylenes, morphological and structural studies in polyolefins and 
blends of polyolefins. 

5. Specifically, my research relates to crystallization kinetics and the effect 
of chain rigidity and molecular weight on the kinetic parameters controlling the nucleation 
process and the temperature coefficient of crystallization. My research also involves the study of 
random copolymers and the effects of the chemical or stereo type of defects, composition and 
distribution of defects on the crystallization kinetics. Furthermore, my research has included the 
investigation of linear polyethylenes, linear low density polyethylenes and long-chain branched 
high pressure polymerized polyethylenes, as well as Ziegler-Natta and metallocene-type 
polypropylenes, by a variety of techniques, including, but not limited to, optical and electron 
microscopies, Raman spectroscopy and small and wide angle X-Ray scattering. 

6. The subject matter of this declaration relates to the gamma 
crystallographic form of polypropylene and random copolymers comprising propylene and 
ethylene studied by X-ray diffraction. By way of background, isotactic polypropylene exhibits 
three different, well-defined, crystallographic forms: 1) alpha or monoclinic form, 2) beta or 
hexagonal form, and 3) gamma or orthorhombic form. The chain conformation of each of these 
polymorphs is a classical 3\ helix. Although the molecular mass (in a range of 40,000-300,000 
g/mol) has only a minor effect on the formation of the gamma polymorph, the concentration of 
defects has a major effect, i.e., an increase in defects leads to short isotactic sequences and 
results in an increase in gamma polymorph content (Hosier, et al., Macromolecules, 2003, 36, 
5623-5636, Exhibit 2). 
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7. I have considered the propylene-ethylene copolymers that are described in 
the above-identified application (hereinafter "Datta 374 application"). 

8. The maximum content of gamma polymorph that an ethylene-propylene 
copolymer can develop may be estimated by referring to systematic studies published in Hosier 
et al., Macromolecules, 2003, 36, 5623-5636 (Exhibit 2). This work analyzes the formation of 
the gamma polymorph in metallocene catalyzed propylene alpha-olefin copolymers and gives 
quantitative data for the fraction of gamma crystals developed as a function of the content of 
alpha-olefin in the copolymer. Copolymers with an ethylene content greater than 7 mole % 
under isothermal or very slow crystallizations develop greater than 90 % of the crystals in the 
gamma form. These crystallization conditions are commonly used in the analysis of 
crystallization behavior of these materials. 

9. For example, I have considered the exemplary copolymer SPC2 that is 
discussed at page 44 of the Datta '374 application. SPC2 had an ethylene content of 5.8 weight 
percent (8.45 mole %). Based on the discussion above, I conclude that a slow crystallization of 
SPC2 would result in greater than 90% of the gamma polymorph for all crystals formed under 
the described conditions (see Datta f 374 application, Example 1, pp. 35-36). 

10. I would expect a propylene-ethylene copolymer synthesized with a 
Ziegler-Natta catalyst to develop a significantly lower content of crystals in the gamma 
polymorph than a comparable copolymer with the same ethylene content but made using a 
metallocene-type catalyst. The reasons were discussed in Alamo et al., Macromolecules, 1999, 
32, 4050-4064 (Exhibit 3) and Hosier et al., Macromolecules, 2003, 36, 5623-5636 (Exhibit 2). 
The formation of gamma crystals is favored by the existence of short continuous isotactic 
sequences. The comonomer disrupts the continuity of isotactic propylene sequences in the 
polymer chain; hence, a higher content of comonomer favors the formation of the gamma 
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polymorph. The inter chain distribution of comonomer in the Ziegler-Natta copolymers is broad 
with a fraction of highly defected short molecules which likely do not participate in the 
crystallization (Zhang et al., Polym. J., 2002, 34 , 700-708, Exhibit 4). The intra chain 
distribution of defects of Ziegler-Natta copolymers deviates from random. Conversely, the 
comonomer distribution in a copolymer made with a metallocene catalyst is narrow among the 
polymer chains and random within the chains. Therefore, at similar comonomer contents, the 
crystalline chains of the Ziegler-Natta copolymer contain longer isotactic sequences and tend to 
produce less gamma polymorph than copolymers produced with a metallocene catalyst. 

1 1 . There is a significantly large number of published data that corroborate the 
above correlations. For example, Thomann et al., Polymer, 2001, 42, 4597-4603 (Exhibit 5), 
reported that the fraction of gamma crystals for a slowly cooled (0.2 °C/min) Ziegler-Natta 
propylene-ethylene copolymer with 5.8 wt% (8.45 mole %) ethylene was 60%. Perez et al., 
Polymer, 1999, 40, 675-681 (Exhibit 6), reported that the fraction of gamma crystals found in a 
metallocene propylene- 1-hexene copolymer (2.6 mole % 1-hexene) was -70%, wherein a 
comparative ZN propylene- 1-hexene copolymer (4.7 mole % 1-hexene) develops less than 30% 
of the crystals in the gamma form. Foresta et al., Polymer, 2001, 42, 1 167-1 176 (Exhibit 7) 
reported that Ziegler-Natta propylene-ethylene copolymers with up to 3.1 % ethylene develop 
less than 30% of the crystal in the gamma phase. Metallocenes with similar contents of ethylene 
were found to develop maximum contents of gamma crystals between 40 and 85 % (Hosier et al., 
Macromolecules, 2003, 36, 5623-5636, Exhibit 2). The publication by Turner-Jones, Polymer, 
1971, 12, 487-508 (Exhibit 8), reported that a Ziegler-Natta propylene-ethylene copolymer with 
5 wt% (7.32 mole %) ethylene developed -30 % of the crystals in the gamma phase. This 
percentage is significantly lower than the greater than 90% maximum fraction of gamma crystals 
found in a matched metallocene copolymer (Hosier et al., Macromolecules, 2003, 36, 5623-5636, 
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Exhibit 2). Finally, in a work published by Alamo, et al. in Macromolecules, 2003, 36, 1 559- 
1571 (Exhibit 9), the crystallization behavior of a metallocene isotactic polypropylene (iPP) and 
a Ziegler-Natta iPP having matched weight average molecular weight and matched average 
defect composition was comparatively analyzed. While the maximum fraction of gamma 
crystals developed by the metallocene iPP was higher than 40%, the gamma fraction in the 
Ziegler-Natta iPP was significantly lower, i.e., -10%. 

1 2. Based upon the above discussion and references to published data, it is my 
opinion that propylene-ethylene copolymers with ethylene contents up to at least about 1 1 .6 wt% 
(16.45 mole %) synthesized with a metallocene catalyst will develop higher contents of gamma 
crystals than those with comparable ethylene content and prepared with a Ziegler-Natta catalyst 
(see, e.g., SPC-3 listed in Table 1, p. 37, of the Datta '374 application). 

13. I declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further that 
these statements were made with knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize the validity of the Datta et al. 
'374 application or any patent issuing therefrom. 

Dated: April 2^2004 
Tallahassee, Florida 
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Dr. RUFINA G. ALAMO 
Curriculum Vitae 



FAMU-FSU College of Engineering 
Department of Chemical Engineering 

Tallahassee, FL 32310 
Phone: (850)410-6376 
FAX : (850)410-6150 
E-Mail: alamo@eng.fsu.edu 
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Dr. RUFINA G. ALAMO 



EDUCATION 

• B.S. in Chemistry. University of Valladolid (Spain), 1977. 

• M.S. in Chemistry. University of Valladolid (Spain), 1 978. 

Title of Thesis: "Properties of poly(diethylene glycol terephtalate)" 
Director of Thesis: Prof. J.G. Fatou. 

• Ph.D. in Chemistry. Complutense University of Madrid, 1 98 1 . 

Title of Thesis: "Mechanism of Polymerization and the Crystalline State of 
Poly(l,3-Dioxolane)". 

Directors of Thesis: Prof. J.G. Fatou and Dr. J. Guzman. 
Postdoctoral. 

1 . Institute de Plasticos y Caucho (The Rubber and Plastics Institute) of the Consejo 
Nacional de Investigaciones Cientificas (National Research Council of Science) in 
Madrid, Spain. Feb. 1981 - Nov. 1982. Work on "Mechanisms of Formation and the 
Solid State Properties of Polymers with Heteroatoms in the Main Chain". 
Director: J.G. Fatou 

2. Institute of Molecular Biophysics. Florida State University. Tallahassee, Florida. 
Nov. 1 982 - May 1 985. Work on "Thermodynamic and Morphological Properties of 
Linear and Branched Polyethylenes". 

Director: Prof. L. Mandelkem 
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APPOINTMENTS. 

Research staff at the DOW Chemical Co. in Tarragona, Spain. 1985-1987. 

Advisor to the Committee for the Foundation of the Quincentenial Bilingual 
University in Central Spain, 1987. 

Assistant Scholar in Research. Florida State University. Tallahassee, Florida, 1 988. 

Associate Scholar in Research. Florida State University. Tallahassee, Florida, 1991- 
August 7th, 1995. 

Research Advisor with the Polymer Section of the Department of Chemistry of the 
National University of Costa Rica at Heredia, Costa Rica, 1993-Present. 

Associate Professor. FAMU-FSU College of Engineering. Department of Chemical 
Engineering. Tallahassee, Florida. August 8th, 1995-2003 

Professor. FAMU-FSU College of Engineering. Department of Chemical Engineering. 
Tallahassee, Florida. August 8th, 2003-present 



AWARDS, HONORS, RECOGNITIONS. 

Special Recognition Award for " Outstanding Contributions to 
Scholarship" from the Office of Graduate Studies, FAMU. September 2001. 

Recipient of the 2000 Engineering Research Award of the FAMU/FSU College of 
Engineering, Spring 2000. 

Scholarship to participate in the proj ect "Configurational Analysis and Rheological 
Properties of Macromolecules 11 sponsored by the Comision Asesora de Investigacion 
Cientifica y Tecnica (CAICT) of the Spanish Research Council. The Rubber and 
Plastics Institute, Madrid (Spain), (1978 - 1979). 

Postgraduate scholarship from the Spanish National Research Council of Science. 
The Rubber and Plastics Institute, Madrid (Spain), (1979 - 1982). 

Postdoctoral scholarship from the U.S. -Spanish Joint Committee for Scientific and 
Technological Cooperation (equivalent to a Fulbright Scholarship). Institute of 
Molecular Biophysics, "Thermodynamic and Morphological Properties of Linear and 
Branched Polyethylenes", (1982 - 1983). 
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Graduated with Honors (first in the graduate class) from the Rubber and Plastics 
Institute of the Spanish Research Council in Madrid, Spain 1978. 

Invited to participate in the FLORICA program at Florida State University, (Florida- 
Costa Rican Institute), 1992. 

Invited as plenary speaker at the Osaka University Macromolecular Symposium 
(OUMS098). May, 1998. 

Invited by Wiley to write a review article on DSemicrystalline PolymersD for the new edition 
of the Encyclopedia of Polymer Science and Technology. Fall 2000. 

REVIEWER EXPERIENCE. 

Macromolecules, ACS Pub., F.H. Winslow Ed. 
Journal of Polymer Science, Polymer Physics Ed. 
National Science Foundation (proposals) 
Polymer Engineering and Science. 
Journal of Rheology. 

Journal of Thermal Analysis and Calorimetry. 
Polymer. 

Petroleum Research Fund. 
Thermochimica Acta (Book Chapter) 
NIST (Research Proposals) 
Acta Polymerica, Germany 

Books Reviews: 

DAttenuated Total Reflectance SpectroscopyD. Marek W. Urban. ACS Books, Washington, 
1996. Review appeared in Applied Spectroscopy, 1998. 

DHandbook of Fourier Transform Raman and Infrared spectra of PolymersD. A.H. Kuptsov 
and G.N. Zhizhin. Elsevier Physical Sciences Data 45. New York 1 998. Review appeared in 
Applied Spectroscopy 1 999. 

PROFESSIONAL ACTIVITIES. 

Member of the following organizations: 

- The American Chemical Society and of the Division of Polymer Chemistry. Also member 
of the Division of Polymeric Materials Science and Engineering. 

- The American Physical Society and of the Division of High Polymer Physics 

- The North American Thermal Analysis Society (NATAS) 
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- The American Institute of Chemical Engineers 

- Grupo de Polimeros de la Real Sociedad Espanola de Fisica y Quimica 

- ZONTA International 
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TEACHING EXPERIENCE 
Summary of courses taught in the FAMU-FSU College of Engineering: 



Undergraduate courses 



Spring 1996 


ECH 3023 
ECH4905r 


Introduction to Chemical Engineering 
DIS 


Fall 1996 


ECH 3023 


Introduction to Chemical Engineering 


Spring 1997 


ECH 3023 
ECH 3264L 


Introduction to Chemical Engineering 
Fluid Flow Through a Pipe (laboratory) 


Fall 1997 


ECH 3023 


Introduction to Chemical Engineering 


Spring 1997 


ECH 3023 


Introduction to Chemical Engineering 


Fall 1997 


ECH 3023 


Introduction to Chemical Engineering 


Spring 1998 


ECH 4937 


Introduction to Polymer Science and Engineering 


Fall 1998 


ECH 4504 
ECH 4906 


Kinetics and Reactor Design 
Honors in Chemical Engineering 


Spring 1999 


ECH 3023 
ECH 4937 
ECH 4906 


Introduction to Chemical Engineering 
Introduction to Polymer Science and Engineering 
Honors in Chemical Engineering 


foil 1 QQQ 

rail iyyy 


FPH 4504 
ECH 4906 
ECH 4905 


Kinetics and Reactor Desisn 

lVlllvllvO (U1U x wtiv vv/i -*— ^ vtJ1 o' * 

Honors in Chemical Engineering 
DIS 


Spring 2000 


ECH 3023 
ECH 4906 
ECH 4905 


Introduction to Chemical Engineering 
Honors in Chemical Engineering 
DIS 


Fall 2000 


ECH 3023 
ECH 4504 


Introduction to Chemical Engineering 
Kinetics and Reactor Design 


Spring 2001 


ECH 3023 
ECH 4823 


Introduction to Chemical Engineering 
Introduction to Polymer Science and Engineering 
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Fall 2001 ECH4504 Kinetics and Reactor Design 

Spring 2002 ECH 3023 Introduction to Chemical Engineering 

Fall 2002 ECH 4504 Kinetics and Reactor Design 

Spring 2003 ECH 4823 Introduction to Polymer Science and Engineering 



Graduate courses 

Spring 1997 ECH 5937 Advanced Polymer Science and Engineering 

Spring 1 998 ECH 5937 Advanced Polymer Science and Engineering 

Spring 1999 ECH 5937 Advanced Polymer Science and Engineering 

Spring 2000 ECH 5937 Crystallization and Melting of Polymers 

Spring 2001 ECH 5937 Advanced Polymer Science and Engineering 

Spring 2003 ECH 5937 High Resolution Microscopy 

Spring 2003 ECH 5823 Introduction to Polymer Science and Engineering 



RESEARCH EXPERIENCE 

RESEARCH INTEREST 

Physical chemistry and physical properties of macromolecules. 

Kinetics of phase transitions, structure and morphology of the crystalline state, structure - 
properties relations in semicrystalline polymers. 



PUBLICATIONS 

A. Journal Articles (Refereed Publications) 

1. Guzman J., R. Alamo, J.G. Fatou. "Glass Transitions and Solubility Parameter of 
Poly(Diethylene Glycol Terephtalate)". An. Quim., 76, 214, 1980. 

2. Alamo R., J. Guzman, J.G. Fatou. "Kinetics of Polymerization of Tetrahydrofuran Initiated 
by Acetyl Perchlorate". Makromol. Chem., 182, 725, 1981. 
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Alamo R, J. Guzman, J.G. Fatou. "Polymerization of Tetrahydrofuran by Bifunctional 
Cationics Initiators: Terephtaloil Perchlorate". Makromol. Chem., 182, 731, 1981. 

Alamo R., J. Guzman, J.G. Fatou. "Kinetics of Polymerization of 1 ,3-Dixolane Initiated by 
Acetyl Perchlorate and Terephthaloil Perchlorate". An. Quim., 78, 317, 1982. 

Alamo R., J.G. Fatou, J. Guzman. "Crystallization of Polyformals. I. Crystallization Kinetics 
of Poly(l,3-Dioxolane)". Polymer, 23, 374, 1982. 

Alamo R., J.G. Fatou, J. Guzman. "Crystallization of Polyformals. U. Influence of Molecular 
Weight and Temperature on the Morphology and Growth Rate in Poly(l,3-Dioxolane)". 
Polymer, 23, 379, 1982. 

Alamo R, J. Guzman, J.G. Fatou. "Effect of Acetic Acid and Acetic Anhydride on the 
Cationic Polymerization of Tetrahydrofuran". An. Quim. Ser. A, 79, 648, 1983. 

Alamo R, J. Guzman, J.G. Fatou. "Influence of Water in the Polymerization of 
Tetrahydrofuran". Makromol. Chem., 184, 563, 1983. 

Alamo R, J.G. Fatou, J. Guzman. "Dependence of the Molecular Weight on the Glass 
Transition Temperature of Poly(l,3-Dioxolane)". An. Quim. Ser. A, 79, 652, 1983. 

Alamo R., J.G. Fatou, A. Bello. "Solubility Parameter and Random-Coil Dimensions of 
Poly(l,3-Dioxolane)". Polym. J., 15, 491, 1983. 

Alamo R, J. Guzman, J.G. Fatou. "Comments on G. Pruckmayr's Criticisms on our Paper, 
Influence of Water in the Polymerization of Tetrahydrofuran". Makromol. Chem., 185, 1233, 
1984. 

Domszy R.C., R. Alamo, P.J.M. Mathieu, L. Mandelkern. "The Structure of Copolymer 
Crystals Formed from Dilute Solution and in the Bulk". J. Polym. ScL, Polym. Phys. Ed., 22, 
1727, 1984. 

Alamo R, R.C. Domszy, L. Mandelkern. "Thermodynamic and Structural Properties of 
Copolymers of Ethylene". J. Phys. Chem., 88, 6587, 1984. 

Domszy R.C., R. Alamo, CO. Edwards, L. Mandelkern. "The Thermoreversible Gelation 
and Crystallization of Homopolymers and Copolymers". Macromolecules, 19, 310, 1986. 

Voigt- Martin I.G., R. Alamo, L. Mandelkern. "A Quantitative Electron Microscopic Study 
of the Crystalline Structure of Ethylene Copolymers". J. Polym. ScL, Polym. Phys. Ed., 24, 
1283, 1986. 
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1 6. Snyder R.G., N.E. Schlotter, R. Alamo, L. Mandelkern. "Observation of a Conformational^ 
Liquid-Like Component in Crystalline Polyethylene by Raman Spectroscopy". 
Macromolecules, 19, 621, 1986. 

17. Alamo R., L. Mandelkern. "Origins of Endothermic Peaks in Differential Scanning 
Calorimetry". J. Polym. Set, Polym. Phys. Ed., 24, 2087, 1986. 

18. Mandelkern L., R. Alamo, W.L. Mattice, R.G. Snyder. "Observation of the Raman D-LAM 
Band in Ethylene Copolymers: Hydrogenated Polybutadienes". Macromolecules, 19, 2404, 
1986. 

1 9. Alamo R.G., R.H. Glaser, L. Mandelkern. "The Cocrystallization of Polymers: Polyethylene 
and Its Copolymers". J. Polym. ScL, Polm. Phys. Ed, 26, 2169, 1988. 

20. Alamo R.G., L. Mandelkern. "Thermodynamic and Structural Properties of Ethylene 
Copolymers". Macromolecules, 22, 1273, 1989. 

2 1 . Chiu G., R.G. Alamo, L. Mandelkern. "Formation of Ringed Spherulites in Polyethylenes". 1 
Polym. Scl, Polym. Phys. Ed., 28, 1207, 1990. 

22. Alamo R.G., K.W. McLaughlin, L. Mandelkern. "Changes in the Phase Structure of the 
Polyethylenes After Long-Time Storage at Room Temperature". Polymer Bulletin, 22, 299, 
1989. 

23. Mandelkern L., A. Prasad, R.G. Alamo, G.M. Stack. "The Melting Temperature of the 
n-Alkanes and the Linear Polyethylenes". Macromolecules, 23, 3696, 1990. 

24. Mandelkern L., R.G. Alamo, M.A. Kennedy. "Interphase Thickness of Linear Polyethylene". 
Macromolecules, 23, 4721, 1990. 

25. Alamo R.G., A. Bello, J.G. Fatou, C. Obrador. "Solution and Thermal Properties of 
Poly(l,3-Dioxocane)". J. Polym. Set, Polym. Phys. Ed., 28, 907, 1990. 

26. Alamo R.G., L. Mandelkern. "Crystallization Kinetics of Ethylene Copolymers". 
Macromolecules, 24, 6480, 1 99 1 . 

27. Mandelkern L., K.W. McLaughlin, R.G. Alamo. "The Phase and Supermolecular Structure of 
Binary Mixtures of Linear Polyethylene Fractions". Macromolecules, 25, 1440, 1992. 

28. Jarret W.L., L.J. Mathias, R.G. Alamo, L. Mandelkern, D.L. Dorset. "Thermally-Induced 
Molecular Motion and Premelting in Hexacontane". Macromolecules, 25, 3468, 1992. 

29. Failla M., R.G. Alamo, L. Mandelkern. "On the Analysis of the Raman Internal Modes of 
Crystalline Polyethylene". Polymer Testing, 11, 151, 1992. 
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30. Shen C, A. Peacock, R.G. Alamo, T. Vickers, L. Mandelkem, C.K. Mann. "Structural 
Studies of Crystalline Linear Polyethylenes as Reveal by Factor Analysis of Their Raman 
Spectra". Applied Spectroscopy, 46, 1226, 1992. 

3 1 . Bark M.,H.G. Zachmann, R.G. Alamo, L. Mandelkem. "Investigations of the Crystallization 
of Poly(ethylene) by Means of Simultaneous Small Angle and Wide Angle X-Ray 
Scattering". Makrom. Chem., 193, 2363, 1992. 

32. Alamo R.G., E.K.M. Chan, L. Mandelkem, I.G. Voigt-Martin. "The Influence of Molecular 
Weight on the Melting and Phase Structure of Random Copolymers of Ethylene". 
Macromolecules, 25, 63 8 1 , 1 992. 

33. Dorset D.L., R.G. Alamo, L. Mandelken. "Premelting of Long Paraffins in Chain-Extended 
Lamellae - An Electron Diffraction Study". Macromolecules, 25, 6284, 1992. 

34. Dorset D.L., R.G. Alamo, L. Mandelkem. "Surface Order and the Sectorization of 
Polymethylene Lamellae". Macromolecules, 26, 3143, 1993 

35. Alamo R.G, L. Mandelkem, G.M. Stack, C. Kronke, G. Wegner. "Isothermal Thickening of 
Crystals of High Molecular Weight n-Alkanes ". Macromolecules 26, 2743, 1993 

36. Snyder R.G, H. L. Strauss, R.G. Alamo, L. Mandelkem. "Chain Length Dependence of 
Interlayer Interaction in Crystalline N-Alkanes from Raman LAM-n Measurements". J. 
Chem. Phys, 100, 5422, 1994 

37. Alamo R.G., B. D. Viers, L. Mandelkem. "Phase Structure of Random Ethylene Copolymers: 
A Study of the Counit Content and Molecular Weight as Independent Variables". 
Macromolecules, 26, 5740, 1993 

38. Alamo R.G., L. Mandelkem, G.M. Stack, C. Kronke, G. Wegner. "The Kinetics of 
Crystallization of Long-Chain n-Alkanes from the Melt and from Solution". 
Macromolecules, 27, 147, 1994 

39. Alamo R.G., J.D. Londono, L. Mandelkem, F.C. Stehling and G.D. Wignall. "The 
Phase Behavior of Blends of Linear and Branched Polyethylenes in the Molten and 
Solid States by Small-Angle Neutron Scattering". Macromolecules, 27, 411, 1994 

40. Mandelkem L., R. G. Alamo, E. L. Sokolov, J. Li, B. Chu. "Small-Angle X-ray Scattering of 
n-Hexacontane as a Function of Temperature". Macromolecules, 27, 2324, 1994 

41. Lu L., R. G. Alamo, L. Mandelkem. "Lamellar Thickness Distributions in Linear 
Polyethylene and Ethylene Copolymers". Macromolecules, 27, 6571, 1994 
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42. Wignall G.D., J. D. Londono, R. G. Alamo, M. J. Galante, L. Mandelkern, F. C. Stehling. 
"The Morphology of Blends of Linear and High Pressure Polyethylene in the Solid State. A 
Study by SANS, SAXS and DSC". Macromolecules, 28, 3156, 1995. 

43. Stribeck N., R. G. Alamo, L. Mandelkern, H. G. Zachmann. "Study of the Morphological 
Structure of Polyethylene by Means of Small Angle X-Ray Scattering and Raman 
Spectroscopy". Macromolecules, 28, 5029, 1995. 

44. Alamo R.G., B.D. Viers, L. Mandelkern. "A Re-examination of the Relation Between the 
Melting Temperature and the Crystallization Temperature: Linear Polyethylene". 
Macromolecules, 28, 3205, 1995. 

45. Stewart M.J., W.L. Jarrett, L.J. Mathias, R.G. Alamo, L. Mandelkern. "Thermally Induced 
Molecular Motion and Premelting in the Solid State of n-Hexatriacontane". Macromolecules, 
29,4963, 1996. 

46. Mandelkern, L. and R. G. Alamo, "Comments on Paper 'Raman Spectroscopy Employed for 
the Determination of the Intermediate Phase in Polyethylene" 1 , Macromolecules, 28, 2988, 
1995. 

47. Annis, B.K., J. Strizak, R. G. Alamo, L. Mandelkern, "A Small Angle Neutron Scattering 
Study of the Plastic Deformation of Linear Polyethylene", Polymer, 37, 137, 1996. 

48. Graham, J.T., R. G. Alamo, L. Mandelkern, "The Effect of Molecular Weight and Crystallite 
Structure on Yielding in Ethylene Copolymers", J. Polym. ScL, Polym. Phys. Ed, 35, 
213,1997. 

49. Kitamaru, R., T. Nakooki, R. G. Alamo, L. Mandelkern, "A Carbon-13 NMR Study of the 
Phase Structure of Semi-Crystalline Polymers: Hydrogenated Poly(butadiene)", 
Macromolecules, 29, 6847, 1996. 

50. Alamo, R.G., M. J. Galante, L. Mandelkern, A. Lehtinen, R. Paukkeri, "Crystallization 
Kinetics of Metallocene Type Polypropylenes. Influence of Molecular Weight and 
Comparison with Ziegler-Natta Type Systems". J. Thermal Analysis, 47, 913, 1996. 

51. Wignall, G.D., R.G. Alamo, J.D. Londono, L. Mandelkern, F.C. Stehling, "Small Angle 
Neutron Scattering investigation of Liquid-liquid Phase Separation in Heterogeneous Linear 
Low Density Polyethylene". Macromolecules, 29, 5332, 1996. 

52. Mandelkern, L., R.G. Alamo, G.D. Wignall, F.C. Stehling, "The Phase Structure of Blends of 
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ABSTRACT: Four sets of random propylene-based copolymers with 1-10 mol % of ethylene, 1-butene, 
1-hexene, or 1-octene as co-units, synthesized with the same metallocene catalyst, were investigated by 
differential scanning calorimetry and wide-angle X-ray scattering following rapid and isothermal 
crystallization. Parameters related to defect concentration, defect type, and microstructure and 
thermodynamic and kinetic factors were evaluated as to their role in developing the y polymorph. The 
effect of the comonomer in enhancing the fractional content of the y polymorph is akin to the role of 
defects in the homo-poly (propylene) chain. However, differences in the partitioning of the comonomer 
between the crystalline and noncrystalline regions leads to contents of the y phase that differ among the 
copolymers at any given crystallization temperature. Qualitatively, these differences can be used to assess 
the degree to which a counit participates in the crystallite. The experimental results suggest that there 
is no discrimination of the defects that enter the crystal lattice (stereo, regio, ethylene, or butylene units) 
between the a or y crystallites. The results with copolymers establish that the bases that lead to the 
formation of the y polymorph are the same for homo-poly (propylene) and its copolymers. 



Introduction 

Isotactic poly(propylenes) are important materials 
from both commercial and technical standpoints and 
have interesting and, in some aspects, not yet well- 
known crystallographic features. The properties of these 
materials can be varied from strong and rigid to 
elastomeric behavior by virtue of copolymerization. 
Understanding the effect of chain microstructure on the 
morphology and crystallization behavior of polypropy- 
lene) and its copolymers is the key to applying these 
materials to an ever-diversifying range of applications 
from household articles to engineering materials. Eth- 
ylene- and 1-butene-based propylene copolymers are 
widely used for film applications, often as one of the 
components of multilayered co-extruded films. A major 
advance in expanding the properties of poly(propylenes) 
and their range of applications was the advent of 
metallocene catalysts, 1 - 2 which afforded incorporation 
of large contents of comonomer, 2 - 3 copolymerization of 
cyclic and other comonomer types that are not easily 
incorporated with classical Ziegler-Natta (ZN) cata- 
lysts, and excellent control of stereoregularity. In ad- 
dition, metallocene catalysts may yield copolymers with 
a truly random comonomer distribution, uniform inter- 
molecular distribution of the comonomer content, and 
narrow molecular weight distribution, leading to a new 
class of random polyolefins, which are inaccessible 
through conventional heterogeneous Ziegler-Natta cata- 
lysts. 4 To date, metallocene-based propylene copolymers 
have been synthesized with a variety of comonomers of 
the linear 1-alkene type, from ethylene to 1-hexadec- 
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ane, 5 " 12 and comonomers leading to branched side 
chains such as 4-methyl-l-pentene, 13 giving a wide 
range of interesting materials. Despite this success, 
many of the studies reported in the literature concen- 
trate on ZN-based copolymers, 14 " 26 the large majority 
with ethylene as comonomer. 161819 - 21 ^ 26 The properties 
of metallocene-catalyzed propylene copolymers are only 
recently surfacing. 5 " 12 

Inherent to the isotactic poly(propylene) chain, formed 
either with a ZN or a metallocene catalyst, is the 
presence of structural irregularities of the chemical 
(regio defects or comonomer units) or stereo type. 
Previous detailed studies of homopolymers have found 
a close correlation between the concentration of these 
irregularities and the maximum content of y polymorph 
that the chain develops. 27 Concentrations of the y 
polymorph exceeding 80% can be developed in metal- 
locene-type polypropylenes at conditions approaching 
those used in industrial processes, lending new signifi- 
cance to the properties conferred by this crystallographic 
form beyond the laboratory and scientific interest. The 
orthorhombic unit cell of the y polymorph, made of 
nonparallel bilayers, is unprecedented for polymeric 
systems. There has been some interest in understanding 
the role of chain defects in enhancing the formation of 
this uncommon crystallographic phase. 27-33 In the y 
polymorph each bilayer is made of parallel chains with 
opposite hand helices, and adjacent bilayers are tilted 
at 81° with respect to each other. 34 " 37 The a polymorph 
has a more classical chain packing with parallel chains 
of alternating right- and left-hand 3/1 helices also 
arranged in bilayers. A series of metallocene poly- 
propylenes) with a random distribution of defects 
crystallized from the isotropic melt enabled the effects 
of both molecular mass and defects on the formation of 
these polymorphs to be systematically investigated. 
While molecular mass (in a range of 40 000-300 000 
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g/mol) has only a minor effect on the formation of the y 
polymorph, the concentration of defects has a major 
effect, increasing the content of this polymorph. 27 The 
y phase is also favored with increasing crystallization 
temperature (T cryst ) up to a point where the kinetics of 
the crystallization of this phase, based on structural 
requirements, become very slow, and this leads to a local 
maximum in the y content. It was found that the T CTysl 
at which the maximum content of y phase is obtained 
increases from 120 to 150 °C for defect content decreas- 
ing from 4.4 to 0.41 mol %, respectively. 27 Local maxima 
were confirmed in subsequent works with similar met- 
allocene type homo- poly (propylenes). 3031 The presence 
of the maxima suggests that two competing factors 
affect the formation of this polymorph. On one hand, 
packing energy calculations suggest that the y form 
would be slightly more stable than the a phase. 38 Hence, 
it is favored over the a phase with increasing temper- 
ature. On the other hand, defects, and therefore short 
isotactic sequences, favor the y polymorph. However, the 
concentration of short sequences available for crystal- 
lization decreases with increasing r C ry St . The result is a 
maximum in the concentration of the y form with T crys t> 
Stereo (mrrm) and regio defects predominantly of the 
head-to-head type were found to lead to the same 
content of y phase. 27 - 30 

Polypropylenes produced with a ZN-type catalyst have 
a broad distribution of defects from chain to chain and 
a distribution of defects intramolecularly that deviates 
strongly from the random behavior. The defects are 
more concentrated in the molecules with the lowest 
molar mass. 36 Since the presence of short isotactic 
sequences is a requirement for the formation of the y 
polymorph, it is not surprising that ZN poly (propylenes), 
homopolymers,.or copolymers, unfractionated or frac- 
tions, lead to insignificant 17 19 - 27 - 30 - 39 - 40 or much lower 
contents of crystallites of the y form than those synthe- 
sized with a metallocene catalyst with the same overall 
concentration of defects. 

Central to the present study is to investigate if the 
irregularity conferred by the comonomer to the polypro- 
pylene chain affects the formation of the y polymorph 
in a manner akin to that given by stereo and regio 
defects and to what extent the type of comonomer 
influences the crystallographic polymorphs. Crystal- 
lography, thermodynamic, and structural studies of 
propylene copolymers have been carried out previously 
in broad copolymers of the Ziegler-Natta type 2122 or 
on fractions obtained from heterogeneous propylene- 
ethylene 23 ** 25 and propylene— 1-hexene copolymers. 17 
Only a few reports on crystallization, melting, and some 
physical properties of metallocene-type propylene co- 
polymers are available. 5 *" 12 It is also difficult to extract 
from these works the effect of the comonomer type on 
properties because different catalysts were used in each 
study. Different catalysts may lead to significantly 
different concentrations of stereo and regio types of 
defects, which were not determined in these previous 
studies and may affect in different degrees the formation 
of the polymorphs. 

This work presents a systematic study of the effect 
of type and concentration of comonomer on the forma- 
tion of the a and y polymorph of series of metallocene- 
type random propylene copolymers synthesized with the 
same type of catalyst. This ensures uniformity in the 
content and distribution of stereo and regio defects, 
which are also present in the chain and are known to 



affect the ratio of the crystallographic polymorphs, in 
addition to the comonomer effect. Two structural vari- 
ables are studied independently of each other, comono- 
mer content (up to MO mol %) and type of comonomer 
including ethylene, 1-butene, 1-hexene, and 1-octene 
under rapid and isothermal crystallization. The role of 
the "punctual" defects found in the homopolymer vs 
comonomer units, in the formation of the y polymorph, 
is evaluated from an analysis of the experimental data. 
These fundamental studies serve as background proper- 
ties that can be used in ascertaining the degree to which 
any other propylene copolymer deviates from the ran- 
dom behavior. For example, in two recent studies, the 
concentration of the y polymorph was used as an 
indirect measure to determine the stereoblock character 
of polypropylenes catalyzed with ZN 39 and with un- 
bridged metallocene systems. 41 

Studies of the crystalline regions, by solid-state 13 C 
NMR of the same copolymers have shown direct evi- 
dence of the inclusion of ethylene and 1-butene units in 
this region. 1011 These results were recently confirmed 
by acid etching followed by solution NMR. 7 Moreover, 
similar spectra of propylene-1— hexene and propylene- 
1-octene copolymers snowed no evidence of inclusion in 
the crystal of butyl and longer branches. 42 The crystal- 
lographic parameters measured by Turner-Jones 14 and 
more recently by Marega et al. 20 also suggest that a 
significant proportion of 1-butene can be incorporated 
into the crystal lattice. As will be shown in this and 
forthcoming works, the differences in comonomer par- 
titioning between the crystalline and noncrystalline 
regions are reflected in the concentration of the y 
polymorph and the spherulitic lamellar morphology 
developed by these copolymers. 

Experimental Section 

Materials. The copolymers studied are experimental samples 
obtained with a bridged Exxpol metallocene catalyst. 1 •* Their 
molecular characterization is given in Table 1. The designation 
encodes the type of comonomer and the total defect content. 
Also listed in the table is a homopolymer (M170K1.70) 
synthesized with the same catalyst under the same experi- 
mental conditions. This sample, previously studied. 27 is in- 
cluded to ascertain the effect of stereo and regio irregularities 
in the formation of the y polymorph independent from the 
comonomer effect. The molecular mass and concentration of 
stereo- and regio- type defects are very similar for all the 
copolymers studied and can be considered constants. Proper- 
ties within the series can be analyzed as a function of 
comonomer concentration and type as the only variables. 
Listed in separate columns in Table 1 are molar concentrations 
of the comonomer, head-to-head misinsertions of the erythro 
type and concentration of stereo defects. Defects caused by 
hydrogen abstraction (1,3 type) were absent in these samples. 
The total concentration of all types of defects added to the 
concentration of comonomer is also listed in this table. The 
analysis of experimental data throughout the text is referred 
to this value. 

A range of comonomer content was available in both the 
ethylene and 1-hexene series, which allows a systematic study 
of the effect of increasing comonomer, for fixed stereo and regio 
defects, on the formation of the crystallographic polymorphs. 
In addition, propylene copolymers with ethylene, 1-butene, 
1-hexene, or 1-octene as comonomer are available containing 
approximately 3.3 mol % total defects. Data from this series 
allowed the study of the effect of comonomer type on the 
properties of these copolymers. The molecular mass and its 
distribution were determined by standard gel permeation 
chromatography. 43 Calibration was performed with polystyrene 
standards. The type and fractional content of all the defects 
was obtained from the solution-state ,3 C NMR spectra. 44 " 47 
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Table 1. Molecular Characterizatio n of Metallocene Homopolymer and Metallocene Propylene Copolymers 

comonomer comonomer regio stereo total defects 
sample type (mol %) (mol %) (mol %) (mol %) M w (g/mol) MJM n 
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Crystallization Procedures. All samples were either 
iso thermally crystallized from the melt at temperatures 
between 60 and 138 °C or quenched from the melt directly 
into tap water at 25 ± 1 °C. The following crystallization times 
at the isothermal temperatures were used: T c = 100 °C (24. 
h), T c = 110 °C (3 days). T c = 120 °C (1 week), T c = 125 °C (2 
weeks), T c = 130 °C (3-4 weeks). T c = 138 °C (> 4 weeks). 
These times were sufficiently long so that all but the highest 
defect content copolymers crystallized to completion. Complete 
extent of transformation was verified by the absence of a low- 
temperature melting peak corresponding to crystallites formed 
subsequently on quenching. 

Plaques approximately 20 mm long, 13 mm wide, and 0.5 
mm thick were initially sandwiched between thin aluminum 
plates and molded in a laboratory Carver press. All isothermal 
crystallizations were carried out in two oil baths, one held at 
180 °C (±1 °C) for melting the specimens (20 min) and the 
other at the required crystallization temperature. The typical 
accuracy of the crystallization bath was better than ±0.2 °C. 
To prevent degradation and contamination of the samples with 
the silicone oil used in the baths, melting and crystallizations 
were carried out in evacuated glass tubes, which were sus- 
pended in the oil baths. Following crystallization the tubes 
were quenched in tap water and the samples removed when 
the temperature reached ambient conditions. Selected samples 
were melted in the press between aluminum foils to provide a 
seal and then inserted directly into the oil bath for crystal- 
lization. Following crystallization, these samples were quenched 
in tap water and then washed in a strong detergent solution 
to remove the silicone oil prior to their removal from the mold. 
No discrepancies were observed in the melting behavior 
between the two methods of crystallization. 

Wide- Angle X-ray Scattering (WAXS). Room tempera- 
ture WAXS diffractograms were obtained using a slit col- 
limated Siemens D-500 diffractometer in a 26 range between 
5° and 45° with a step size of 0.02°. The instrument was 
calibrated for d spacing with a standard polished piece of 
polycrystalline quartz, and the film thickness was offset using 
shims. Filtered Cu Ka radiation was used as source. Diffrac- 
tion patterns obtained above room temperature were recorded 
using a Siemens D500 6-6 diffractometer with an attached 
Anton Paar HTK high-temperature head. Temperature cali- 
bration was carried out with benzil (diphenylethanedione, mp 
95 °C). Both diffractometers operated at 30 mA and 40 kV. 

Peak assignments for the y and a phases followed previous 
designations by Bruckner and Meille 34 and Turner-Jones. 48 
The fraction of crystals in the y polymorph was obtained 
following the method of Turner-Jones 14 from the height of the 
(1 17) reflection at 26 = 20.1°, characteristic of the y form, and 
the (130) reflection at 26 = 18.8°, typical of the a polymorph. 27 
as Hy/(Hy + Ha). 

Differential Scanning Calorimetry. Melting and crystal- 
lization behavior were followed using a Perkin-Elmer dif- 
ferential scanning calorimeter DSC- 7 under nitrogen flow. 
Melting was carried out at a scanning rate of 10 K/min. When 
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dual endotherms were present, the peaks were manually 
deconvoluted and the areas correlated with the y and a 
polymorphs. Temperature calibration was carried put with 
indium as a standard. 

The crystallization kinetics of each polymorph was followed 
by the variation of the heat of melting of the y and a peaks 
with crystallization time. Each sample was initially melted 
at 180 °C for 3 min and cooled at 40 K/min to the required 
crystallization temperature. After the required crystallization 
time had elapsed, the specimens were melted at 10 K/min, 
starting from the crystallization temperature. This procedure 
was used to avoid any additional contributions of crystallites 
that may be formed during cooling or quenching the samples 
prior to scanning. A sequence of increasing times and tem- 
peratures was used for each material, up to a maximum 
crystallization time determined by that required for no further 
increase in melting enthalpy. 

Results and Discussion 

Polymorphs and Melting Behavior. Iso tactic poly- 
(propylenes) crystallized in a mixture of the y and a 
phases usually melt in two peaks; the lower melting 
peak is associated with the y form and the higher with 
the a. 27 - 30,49 Both a and y polymorphs have character- 
istic WAXS reflections, and it was shown that those 
corresponding to the y form disappear in the diffracto- 
grams obtained at temperatures between both endo- 
therms, whereas only reflections of the a form are 
generally present at temperatures at the peak of the 
highest melting endotherm. 27,30 Thus, the content of 
each phase can be obtained either from X-ray diffrac- 
tograms or from the thermal data. Previous works in 
homo-poly(propylenes) have established a good cor- 
respondence between the content of the y polymorph 
obtained by WAXS and the content calculated from 
differential scanning calorimetry by decon volution of the 
melting peaks. 27 - 30 - 49 The same features are observed in 
the copolymers studied in this work. 

The homopolymer and all the copolymers listed in 
Table 1 yielded either broad endotherms (for quenched 
materials) or double melting when isothermally crystal- 
lized. One example is shown in Figure la for PE1.8 
crystallized at 120 °C. At this temperature the copoly- 
mer develops 55% of crystallites in the y polymorph. 
Correspondingly, two well-defined endotherms with 
very similar heat of fusion are observed. As discussed 
in other works, 30 crystallites formed isothermally do not 
reorganize to any significant extent on heating, and both 
meltings are associated with two types of crystallites 
with different thermal behavior. Figure lb shows WAXS 
diffractograms of the same sample obtained at temper- 
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Figure 1. (a) DSC melting of sample PE1.8 crystallized at 
120 °C. (b) Diffractograms taken at the temperatures indicated 
by the arrows in the thermogram. Reflections corresponding 
to the a and y polymorphs are indicated. 

atures indicated by the arrows in the thermogram of 
Figure la. There are no significant differences between 
the WAXS pattern obtained at room temperature and 
the pattern obtained at 120 °C, i.e., before any signifi- 
cant melting occurs. The content of y phase up to this 
temperature is 55%, the same as that measured at room 
temperature. As the temperature is raised to 137 °C, 
near the peak of the lowest endotherm, the 117 reflec- 
tion (20 = 20.1 °C) characteristic of the y polymorph 
starts to decrease while the reflection corresponding to 
the a phase (20 = 18.8 °C) remains unchanged. Clearly 
only y crystallites are melting in this temperature 
range. At 142 °C, a temperature between both endo- 
therms, the y peak is still observed albeit with low 
intensity and disappears at 148 °C, just below the 
highest temperature endotherm peak. It is therefore 
evident that, in agreement with the behavior of the 
homopolymer, the crystallites formed in the a and y 
polymorphs from the copolymer melt at significantly 
different temperatures. The low melting endotherm is 
associated with melting of y crystallites, and the high 
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Gamma content by WAXS (%) 

Figure 2. Content of y phase calculated by DSC against y 
phase obtained from WAXS. Solid line corresponds to line of 
slope one. 

temperature corresponds to the a polymorph. As seen 
in Figure lb, at temperatures just above the high- 
temperature melting peak (151 °C). only a small content 
of a crystallites remained unmelted. Thus, in addition 
to determining the y content of the copolymers by 
WAXS, the fraction of this polymorph was also obtained 
from the DSC endotherms after peak deconvolution and 
analysis of the area of both peaks. The data from both 
methods are compared in Figure 2. A good correlation 
between the WAXS and DSC data was obtained for the 
homopolymer and copolymers crystallized in a range of 
temperatures between 100 and 130 °C, as seen by their 
proximity to the straight line with slope one drawn in 
the figure. The data for quenched samples is not 
included because the y content in most of these samples 
was negligible, and the small crystallites formed on 
quenching reorganize to some extent during melting. 50 
In addition, lower temperature maxima of copolymers 
with < 40% y are poorly defined, leading to a greater 
scattering of the data in this region. 

y Content as a Function of Crystallization Tem- 
perature and Concentration of Comonomer. The 
effect of increasing comonomer concentration on the 
formation of the y polymorph was studied in the series 
of propylene-ethylene and propylene- 1-hexene copoly- 
mers crystallized in a range of temperatures between 
25 and 138 °C. Representative diffractograms and 
meltings after isothermal crystallization in the temper- 
ature range between 25 and 120 °C are given in Figure 
3a,b for PE2.8 and in Figure 4a,b for PH3.5. All the 
copolymers develop y phase whose content increases 
with crystallization temperature. At the highest crystal- 
lization temperatures, propylene copolymers with total 
defect content higher than —3 mol % crystallize almost 
exclusively in the y form, as shown in the WAXS 
patterns of PH3.5 crystallized at temperatures > 120 °C. 
In this diffractogram the a reflection is negligible. For 
a constant crystallization temperature the concentration 
of the y polymorph increases with increasing comono- 
mer concentration. Rapid crystallization at 25 °C of all 
the copolymers, except the ones with the highest defect 
contents, led to the formation of a crystallites. Under 
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these quenching conditions propylene copolymers with 
~7 mol % ethylene develop 34% of the crystallinity in 
the y phase. The smectic phase, which develops under 
rapid quenching in films whose thicknesses are less 
than about 25 //m, 27 did not form in the thicker films 
used in the present study. Slower heat transfer in these 
films led to primarily a crystallites even after rapid 
crystallizations. As the temperature is raised above 50 
°C, the reflection at 20.1° corresponding to the y phase 
begins to develop and increases with temperature in any 
copolymer at the expense of the a. 

The relative changes in the low- and high-tempera- 
ture endotherms with increasing crystallization tem- 
perature (Figures 3b and 4b) parallel the changes in the 
WAXS reflections associated with the a and y phases. 
As the concentration of the y phase increases with 
increasing temperature, the magnitude of the low- 
temperature endotherm also increases at the expense 
of the high-temperature one. This feature is general for 
any of the copolymers in each series as shown in the 
examples provided in Figures 3b and 4b. The good 
correlation between the double melting and the content 
of each polymorph is indicated by the proximity of the 
experimental data to the straight line with a slope of 
one in Figure 2. All copolymers melt over a broad 
temperature range; this feature is characteristic of 
semicrystalline random copolymers in which the con- 
centration of the counit is not uniform between the 
crystalline and noncrystalline regions and follows from 
basic thermodynamic equilibrium theory. 51 During melt- 
ing the defect concentration in the melt decreases, and 
the remaining crystals melt at increasingly higher 
temperatures. Hence, the observed broad melting of the 
propylene copolymers in Figures 3b and 4b is a natural 
consequence of their copolymeric nature. 

The variation of the y content with temperature is 
given in Figure 5 for the propylene-ethylene series and 
in Figure 6 for propylene- 1-hexenes. In Figure 5 data 
for PE8.2 have been removed for clarity and because 
its behavior is identical to that of PE8.7 (shown). Both 
series display similar behavior. Up to ~130 °C the 
content of y phase increases rapidly with temperature 
in any copolymer. At a fixed crystallization temperature 
the content of y phase increases with increasing total 
defect content. It reaches values close to 100% at the 
highest concentration of defects even for relatively low 
crystallization temperatures, as seen by the data of 
PE8.7 crystallized at 100 °C. The form of these figures 
is very similar to that adopted for homo-poly (propylenes) 
with increasing concentration of stereo and regio de- 
fects. 27 ' 30 A local maximum in the content of y phase 
with temperature is also observed for the propylene- 
ethylene copolymer with the lowest defect content. 
Before describing the maximum in more detail and its 
implications on the mechanism of formation of the y 
polymorph, experiments were carried out to ensure that 
the data plotted in Figures 5 and 6 correspond to the 
concentration of the y polymorph developed at the 
crystallization temperature. In the high-temperature 
range the crystallization rate is slow, and the copoly- 
mers developed additional crystallinity when trans- 
ferred to room temperature. Therefore, it is important 
to determine the crystal form of the quenched crystal- 
lites for a correct determination of the concentration of 
the y polymorph. As also found in homopolymers, WAXS 
experiments indicated that the copolymer crystallites 
formed on quenching, after high isothermal Tcrystt 
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Figure 3. (a) Room temperature WAXS diffractograms and 
(b) DSC meltings of PE2.8 crystallized at the temperatures 
indicated. 

of the y phase, confirming the local maximum displayed 
in Figure 5. When a quenching peak was found in the 
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Figure 4. (a) Room temperature WAXS diffractograms and 
(b) DSC meltings of PH3.5 crystallized at the temperatures 
indicated. 

melting data, its heat of fusion was used to correct the 
fractional content of y calculated from WAXS. A maxi- 
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Figure 5. Percentage of y phase as a function of crystalliza- 
tion temperature for propylene- ethylene copolymers with 
ethylene content increasing from 0.8 to 7.5 mol %. 
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Figure 6. Percentage of y phase as a function of crystalliza- 
tion temperature for propylene- 1-hexene copolymers with 
1-hexene content increasing from 0.3 to 2,7 mol %. 

mum is not observed in the least defective propylene- 
1-hexene copolymer (2.0 mol %) or in any of the other 
copolymers analyzed here due to the unduly long 
crystallization kinetics at temperatures above 130 °C 
and depletion of long crystallizable sequences that form 
the a phase. This aspect will be analyzed in more detail 
in the Kinetics section. 

The similarity of behavior between homopolymers and 
copolymers when the comonomer is added as an ad- 
ditional structural irregularity in the iPP chain, sug- 
gests that the mechanism of formation of the y poly- 
morph in the homo-poly(propylene) is also operative for 
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its random copolymers. The requirements for the forma- 
tion of this polymorph were described in detail in our 
previous work. 27 They involve the need of molecules 
with short or relatively short crystallizable sequences, 
such as those with randomly distributed structural 
irregularities (comonomers and other types of defects), 
and a structure in the crystal -amorphous interfacial 
region that prevents folding and requires tilted ordered 
chains to propagate a lamellar crystallite. While the 
formation of the y phase is favored with increasing 

Toy st • 

the number of short crystallizable sequences is depleted 
at the highest r cry st» leading to the observed local 
maximum as a function of temperature. Regarding the 
formation of the y phase, the data of Figures 5 and 6 
suggest that the comonomer acts as any other defect 
would in the poly (propylene) chain. 

A more detailed analysis of Figures 5 and 6 reveals 
that, for any given total defect content, the propylene- 
1-hexene series develop a concentration of the y phase 
about 10% higher than their propylene-ethylene ana- 
logues. This point will be discussed in the next section 
where four different comonomers are analyzed for the 
same total defect concentration. 

y Content as a Function of Comonomer Type. 
Diffractograms and melting thermograms for propy- 
lene-ethylene (PE3.4), propylene- 1-butene (PB3.4), 
propylene-l-hexene (PH3.5), and propylene- 1-octene 
(P02.9), all with ^3.3 mol % total defects and crystal- 
lized at 120 °C, are given in parts a and b of Figure 7, 
respectively. Both WAXS patterns and melting behavior 
show significant differences between the four copoly- 
mers. The 1-butene units lead to a more prominent 
reflection and melting peak corresponding to the a 
phase, followed by the ethylene units and then by the 
1-hexene and 1-octene units. The ability of crystalliza- 
tion of each copolymer type in the y form is evaluated 
in Figure 8. where the content of this polymorph is 
plotted as a function of T CTysi for the four copolymers. 
As expected from the reasonably high defect content, 
these copolymers developed a content of y phase in 
excess of 50% in the range of T cry st between 100 and 130 
°C. The data for propylene -1-hexene and propylene-1- 
octene share a common curve and have the highest 
concentration of y phase with values changing from 
~60% to 100% with increasing r cr yst. Propylene-ethyl- 
ene develops slightly lower contents of y phase at most 
temperatures. Propylene- 1-butene is the copolymer 
with the lowest concentration of y phase at any tem- 
perature; the values change from -45% to 80% in the 
same T cryst range. 

Differences in the content of y phase for homo-poly- 
(propylenes) with the same average concentration of 
defects were attributed to differences in the intramo- 
lecular distribution of defects. 39 - 41 A more blocky dis- 
tribution of defects leads to significantly lower contents 
of this polymorph. This, however, is not the case for the 
copolymers studied. The use of the same type of met- 
allocene catalyst led to the same random distribution 
in the comonomer and same content of regio and stereo 
defects. 2 * 39 The concentration of diads or triads of the 
comonomer, calculated from the solution 13 C NMR 
spectra of these copolymers, was very close to the 
predicted Bernoullian distribution. 52 Differences in the 
observed concentration of the y phase at any r C ry St are 
consistent with a different ability of cocrystallization of 
each type of comonomer with the propylene units. 
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Figure 7. (a) Room temperature WAXS diffractograms and 
(b) DSC meltings of propylene- ethylene (PE3.4), propylene- 
1-butene (PB3.4), propylene- 1-hexene (PH3.5), and propy- 
lene- 1-octene (P02.9) crystallized at 120 °C. All copolymers 
with -3.3 mol % defects. 

It was shown by direct analysis of the crystalline 
regions by solid-state l3 C NMR of the same copolymers 
that ethylene and 1-butene units are partially included 
in the crystalline phase. However, spectra of the crys- 
talline regions of propylene- 1-hexenes and propylene- 
1-octenes showed no evidence of resonances associated 
with the methyl or methylene groups of the branch of 
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Figure 8. Percentage of y phase as a function of crystalliza- 
tion temperature for propylene copolymers with ~3.3 mol % 
defects. 

these comonomers. 1011 ' 42 At the same average concen- 
tration of comonomer in the chain, the concentration of 
1-butene units in the crystalline regions, calculated from 
the NMR data, was higher than the concentration of 
ethylene units. The data suggest that the 1-butene units 
are better incorporated into the poly(propylene) lattice 
than the smaller ethylene units. This difference in 
partitioning of the counits also explains the melting 
behavior. As recently reported 7 and shown in Figure 7b, 
propylene- 1-butene has the highest final melting tem- 
perature followed by propylene- ethylene. Copolymers 
with 1-hexene and 1-octene units show negligible melt- 
ing differences. With a higher probability of 1-butene 
units to enter the crystalline lattice, the average crys- 
tallizable sequence length in this copolymer is longer 
than in the propylene- 1-hexene or propylene-l-octene 
chains and may account for the observed higher melting 
temperature. 

The results of Figure 7 are also consistent with the 
differences in partitioning of the counit (ethylene, 
1-butene, 1-hexene, or 1-octene) between the crystalline 
and noncrystalline regions, in regards to chain struc- 
tural requirements to form the y polymorph. Described 
in previous works in homopolymers 27 was the premise 
that short sequences of crystal lizable units favor the 
formation of this polymorph. At the same total concen- 
tration of defects, the average crystal lizable sequence 
length of propylene-l-hexenes and propylene-l-octenes 
is shorter than for propylene- ethylenes and propylene- 
1-butenes; hence, higher contents of the y polymorph are 
predicted in the former copolymers. The experimental 
data from Figures 5, 6, and 8 follow these predictions. 
They suggest that the concentration of the y polymorph 
developed by a given propylene copolymer could be used 
as a qualitative assessment of the degree of partitioning 
of the comonomer unit upon crystallization. The higher 
the concentration of the y phase, the more excluded the 
comonomer unit is from the crystalline lattice. Note that 
the last statement only applies to a series of copolymers 
with the same content of stereo and regio defects and 
the same content and distribution of comonomer units. 
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Figure 9. Maximum percentage of y phase as a function of 
the average length of isotactic sequences. Open circles are data 
for homopolymers from ref 27. 

The average length of isotactic sequences, N XSQ (cal- 
culated as 1/Xfractional content of all defects), was 
found to scale with the maximum fractional content of 
the y polymorph developed in homo-poly (propylenes). 27 
The maximum fraction of the y polymorph obtained for 
all copolymers at the optimum temperature (or at the 
highest temperature at which crystallization was ex- 
perimentally feasible) is plotted against N lso in Figure 
9. Following suggestions by De Rosa et al., 41 a semi- 
logarithmic plot is presented. The open symbols are data 
previously reported for homopolymers obtained with a 
metallocene catalyst, 27 and the continuous line is a 
linear regression over these data. The data for propy- 
lene-ethylenes fall on the homopolymer line while the 
y content of the two propylene- 1-butenes is shifted to 
lower values. To develop the same 80% of y crystallites 
requires a higher concentration of 1-butene than of 
ethylene or than a combined stereo (of the mrrm type) 
and 2,1 regio defects in a homopolymer. The data for 
propylene- 1-octene and propylene- 1-hexene (closed 
triangles in the figure) are slightly shifted to the right 
of the homopolymer reference line, in agreement with 
an enhanced ability to crystallize in the y form. We find 
from this figure that average sequence lengths of 33 
units would yield pure y crystallites in propylene-1- 
hexene and propylene-l-octene copolymers while this 
number is reduced to 25 for homopolymers and propy- 
lene-ethylenes and to ~20 for propylene- 1-butene 
copolymers. 

A subject of interest concerning defects, such as 
isolated rr triads, regio 2,1 erythro defects, and ethyl 
and 1-butene comonomers, all found to enter the crystal- 
line lattice at different levels, 7101142 53 is the possibility 
of a preferential partitioning of these defects in one of 
the polymorphs. In this context it was recently sug- 
gested that isolated rr triads are more easily accom- 
modated in the y than in the a crystallites. 30 In this 
latter work the diffractogram of homo-poly (propylenes) 
that crystallize in a mixture of the a and y polymorphs 
was modeled by mixtures of a purely a diffraction 
pattern and a disordered y pattern. The assumption of 
equal thickness for a and y crystallites was made. The 
degree of disorder needed to account for the experimen- 



Macromolecules, Vol 36, No 15, 2003 

tal pattern was found to increase with decreasing r C rys t , 
and it was associated with the experimental lower 
melting temperatures and broader endotherms of the y 
crystallites formed at progressively lower T cr yst- Follow- 
ing this model of oJy structural disorder, the conclusion 
was made that stereo mrrm defects are preferentially 
included in the y polymorph while the a phase remains 
basically free of defects. While the presence of oJy 
structural disorder of the type described by Auriemma 
et al. 30 may be found to some extent in poly(propylene) 
crystallites, the correlation with a preferential segrega- 
tion of these mrrm stereo and possibly other "punctual" 
defects in the y crystallites is not supported by previous 
NMR observations or by the data from the present work. 
For example, a homo-poly (propylene) with only stereo 
defects (predominantly of the mrrm type) that was 
slowly cooled or isothermally crystallized led to pure a 
crystallites. 53 However, analysis of the 13 C NMR spec- 
trum of the crystalline regions indicated that a fraction 
of the stereo defects were included in the a crystallites. 
In an additional experiment, copolymer PE3.4 crystal- 
lized at 1 °C/min developed -40% of the y phase and 
negligible contents after rapid cooling in air. Solid-state 
NMR analysis gave the same concentration of ethylene 
units in the crystal in both samples. 10 If the defects were 
preferentially segregated to the y form as speculated 
by Auriemma et al., 30 poly (propylenes) crystallized in 
the a phase would have shown insignificant fractions 
or an absence of resonances associated with these types 
of defects in the spectra corresponding to the crystalline 
phase. It is, thus, concluded that the defects, stereo, 
regio, or ethylene units, must enter both polymorphs 
with roughly the same probability. Lower meltings of y 
crystals are observed whether or not the chain struc- 
tural irregularities enter the crystalline lattice, sug- 
gesting that y crystals are thinner than a and not 
necessarily more defected. 

The content of the y phase developed by a homopoly- 
mer and two of the copolymers all with approximately 
the same total defect content (—1.8 mol %) is plotted 
against T Cfys i in Figure 10. The y contents of the 
homopolymer, M170K1.70 in Table 1, are extracted from 
the previous work, 27 and the data of the copolymers 
correspond to PE1.8 and PH2.0. Up to temperatures of 
—130 °C, the homopolymer with defects of the stereo 
(mrrm) and regio (2;1) type and the propylene-ethylene 
copolymer with about half of the total defect content as 
ethylene units develop very similar concentrations of 
the y polymorph. These data suggest a similar average 
defect partitioning in both polymers. The level at which 
ethylene units enter the crystalline lattice was found 
to be very similar to the average level at which stereo 
and regio defects enter the crystal; 54 hence, a similar 
behavior of these units is expected with regards to the 
formation of the y polymorph. 

At the highest T cry su the propylene-ethylene copoly- 
mer develops higher contents of the y phase and shows 
significantly reduced crystallization rates than the 
homopolymer. For example, while complete crystalliza : 
tion of the homopolymer at 135 °C took —24 h, it 
required over 2 weeks in the propylene- ethylene co- 
polymer. These data suggest differences in the rate of 
partitioning of the ethylene and stereo groups as a 
function of r C ry Sl . Following the experimental data of 
Figure 10, one could predict slower kinetics for the 
accommodation in the crystalline regions of the ethylene 
units than those required to accommodate the stereo 
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Figure 10. Percentage of y phase as a function of isothermal 
crystallization temperature for homo-poly (propylene), propy- 
lene-ethylene PE1.8, and propylene- 1-hexene PH2.0. The 
total concentration of defects is about the same in the three 
polymers. 

defect groups. One consequence of a partitioning of 
stereo and ethylene units subject to thermal history 
would be a significant difference in crystallization rates, 
as observed between the homopolymer and the copoly- 
mer for T Z rysi above 130 °C. 

As seen in Figure 10, the content of y phase developed 
by propylene- 1-hexene is, in the whole range of Tcryst, 
M0% higher than the data obtained in the homopoly- 
mer and propylene- ethylene copolymer with about the 
same concentration of defects. These results follow the 
pattern of the 3.3 mol % series shown in Figure 8 and 
reinforce the NMR results obtained in propylene- 1- 
hexene copolymers, which were consistent with the 
rejection of this comonomer from the lattice. 42 

Previous extensive data in homopolymers and the 
present data in copolymers all reveal that the main 
structural requirement in the formation of the y poly- 
morph is the presence in the chain of short crystallizable 
sequences. Units that can cocrystallize with the propy- 
lene units increase the average length of crystallizable 
sequences and, thus, reduce the ability to develop the y 
polymorph. The degree of cocrystallizability of stereo 
regio, ethylene, butene, hexene, and octene units with 
propylene, obtained by NMR is in excellent qualitative 
agreement with the fractions of the y phase obtained 
in a series with a matched content of defects. 

Kinetics of the Formation of the y Polymorph 
in Random Propylene Copolymers. In this section 
we first describe the general features for the formation 
of the y and a polymorphs with time. This leads to a 
universal behavior in homo-poly (propylenes) and their 
copolymers. An independent analysis of the effect of 
concentration and type of defect on the kinetics follows. 

The development, with time, of the a and y poly- 
morphs of selected copolymers was followed by WAXS 
at fixed r C ryst. In addition, the heat of fusion of the iow- 
and high-temperature endotherms was monitored as a 
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Figure 11. (a) WAXS diffractograms of PE2.8 obtained during 
crystallization at 123 °C at the times indicated, (b) DSC 
meltings started from the crystallization temperature. 

function of crystallization time. Of interest is assessing 
whether the independent temporal development of the 
a and y phases in copolymers follows that of the 
homopolymers. 27 If so, it would be suggestive of the 
same formation mechanisms. 

Representative WAXS patterns of copolymer PE2.8 
during crystallization at 123 °C are given in Figure 11a 
as a function of time. As was found during crystalliza- 
tion of homopolymers, 27 49 both polymorphs are observed 
at the very earliest detection of crystal Unity. The (1 17)y 
and (130)a reflections show the same increase in 
intensity during the initial 60 min of the crystallization. 
With further time the intensity of the a reflection 
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remains constant while the y reflection increases con- 
tinuously. The relative variation of the intensities of 
both polymorphs depends on the specific copolymer and 
the crystallization temperature. However, the simulta- 
neous appearance of both polymorphs in the initial 
stages of the crystallization is a common feature of the 
copolymers and homopolymers studied. Corresponding 
meltings are shown in Figure l ib, which corroborates 
the simultaneous formation of both polymorphs ob- 
served by WAXS. Two small endotherms with a similar 
area are obtained after crystallization for ~60 min. As 
crystallization proceeds, the area of the high-tempera- 
ture melting, corresponding to the a phase, remains 
constant while the lower melting peak associated with 
the y crystallites continues to increase. The sigmoidal 
variation of both endotherms with time is shown in 
Figure 12a for the same copolymer crystallized at T CTyS i 
between 1 15 and 127 °C. These plots allow independent 
analysis of the development of both polymorphs. The a 
crystallinity quickly reaches a constant value that 
decreases with increasing 7 C rysi. On the other hand, the 
y crystallinity continues to increase with time at any 
7 CI7 st. The highest value of the y crystallinity first 
increases with T crysit reaches a maximum value, and 
then decreases with further increase in Tcryst* 

The effect of increasing concentration of comonomer 
in the development of both polymorphs is shown in 
Figure 12b-d for three propylene- 1-hexene copolymers. 
Independent of the type and concentration of comono- 
mer, all of the copolymers display kinetics with similar 
characteristics. The development of both the a and y 
polymorphs with time follows a sigmoidal function 
typical of the nucleation and growth processes in the 
crystallization of polymers. A large negative tempera- 
ture coefficient of the crystallization, which is observed 
for all of the copolymers, is consistent with the impor- 
tance of nucleation and, thus, undercooling to the 
crystallization process. At any fixed T ctyst1 crystallization 
takes place at lower undercoolings with increasing 
concentration of 1-hexene. Thus, the crystallization 
kinetics become slower, and the range of 7 C ry S i for 
experimental observation shifts to lower values, as is 
shown in Figure 12b-d. Data in Figure 12, and similar 
studies in homopolymers, make it evident that, inde- 
pendent of the type of defect in the polypropylene) 
chain, the a and y polymorphs appear simultaneously, 
suggesting that both have the same initial crystalliza- 
tion rates. Thus, WAXS and DSC kinetic data for the 
copolymers confirm that this behavior is universal for 
the crystallization of this polymorph in any type of 
homo-poly(propylene) or random propylene copolymer. 

The kinetics of the combined heat of fusion of the a 
and y peaks for copolymers with ~3.3 mol % of defects 
crystallized at 1 15 °C are given in Figure 13. These data 
allow evaluation of the effect of a different partitioning 
of the comonomer, between crystal and amorphous 
phases, on the crystallization rate at a fixed T ctysi . For 
example, to obtain an enthalpy of melting of 20 J/g, only 
15 min of crystallization is needed for propylene-1- 
butene, while this time increases to 25 min for propy- 
lene-ethylene and to ~70 min for both propylene-1- 
hexene and propylene-l-octene. These times are directly 
related to the overall crystallization rates. They can be 
correlated with the NMR results that described the 
partitioning of the comonomer between the crystalline 
and amorphous phases. Comonomers that are excluded 
from the crystalline lattice, such as 1-hexene and 1- 
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Figure 12. Sigmoidal development of a (filled symbols) and y (open symbols) crystallinities with time at the indicated temperatures 
for the following copolymers: (a) PE2.8, (b) PH2.0, (c) PH3.5. and (d) PH4.3. 

increases systematically with increasing T tvy%K (see data 
in Figures 5 and 6). Thus, it would be desirable to 
compare the crystallization kinetics of each copolymer 
crystallized at 115 °C in Figure 13, at constant under- 
cooling and y content. This can only be properly ac- 
complished if the equilibrium melting temperature for 
each copolymer with 3.3 mol % defects is known. At the 
present time these values are unknown. 

It is instructive to evaluate the total heat of fusion 
obtained at high levels of transformation, as well as the 
independent heat of fusion for the y and a crystallites, 
with increasing crystallization temperatures as was 
done with the homopolymers. 27 Representative ex- 
amples are given in Figure 14 for three propylene- 
ethylenes copolymers with increasing ethylene content. 
The series of propylene- 1-hexenes, -1-butenes, and -1- 
octene copolymers display similar characteristics. The 
data of Figure 14 are for crystallites formed at the T^ s { % 
i.e., the melting was started at the T ctysl without 
previous cooling. Typical for crystallization of random 
copolymers, we find that the total heat of fusion 
decreases with increasing r C ry S t. This result is a conse- 
quence of the decrease in the number of crystallizable 
sequences of sufficient length to form a stable crystallite 
with decreasing undercooling in any random copoly- 
mer. 55 At a fixed r C ry St the heat of fusion decreases with 
increasing concentration of comonomer and reflects the 
overall inhibition of the crystallization process imposed 
by the ethylene units despite their partial inclusion in 
the lattice. For example, based on a heat of fusion of 
the pure crystallite of 209 J/g, 56 crystallization at 130 
°C leads to crystallinity levels of 43%, 24%, and ^2.5% 
as the concentration of ethylene increases from 0.8 to 
4.6 mol % in Figure 14. 
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Figure 13. Sigmoidal variation of the total crystallinity for 
propylene-ethylene (PE3.4), propylene- 1-butene (PB3.4), pro- 
pylene- 1-hexene (PH3.5), and propylene- 1-octene (P02.9) 
crystallized at 1 15 °C. All copolymers with ~3.3 mol % defects. 

octene, have lower values for the sequence propagation 
probability of the crystallizable units, and, thus, slower 
crystallization than copolymers with counits that par-, 
ticipate in the crystallization such as the 1-butene and 
ethylene groups. In the latter group the 1-butene 
copolymer crystallizes faster than the ethylene one, 
reflecting the greater partitioning of the 1-butene 
comonomer. Differences in crystallization rates affect 
the relative values of a and y crystallinities and, thus, 
the observed fractional content of the y form. 

For any given copolymer with a total defect content 
higher than 2 mol % the concentration of y phase 
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Figure 14. Variation of the independent heat of fusion of a 
(closed circles) and y (open circles) crystallites, as well as the 
combined heat of fusion (closed squares), as a function of 
crystallization temperature for the following propylene copoly- 
mers: (A) PE1.8, (B) PE3.4, and (C) PE5.8. 

The heat of fusion corresponding to the a crystallites 
decreases continuously with 7 cryst following the expected 
trend for random copolymers. The heat of fusion of the 
y crystallites first increases with temperature, reaches 
a maximum value, and then decreases with further 
increase in 7^ryst» This behavior is universal for the 



crystallization of homo-poly (propylenes) 27 or for all 
random propylene copolymers. A maximum in y crystal - 
Unity with T^yst reflects that two competing mechanisms 
are involved in the formation of this polymorph. Hence, 
it is the relative variation in a and y crystallinities with 
Tcryst which accounts for the observed maximum of the 
concentration of y with Tcrysi (Figure 5). For ethylene 
and (presumably) 1-butene copolymers with less than 
—2 mol % defects, the relative fraction of the y poly- 
morph, calculated from heat of fusion, leads to a local 
maximum with temperature in agreement with the data 
of Figure 5. The maximum is not observed in propy- 
lene- 1-hexenes with matched concentration of defects 
because of the slower kinetics. The temperatures at 
which a crystallites are no longer formed can be 
estimated from data such as those of Figure 14. These 
temperatures are experimentally attained at total defect 
concentrations >~-3.5 mol % for propylene-ethylenes 
and at >~3 mol % for propylene- 1-hexenes. For the 
copolymers studied they can be as low as 1 10 °C for the 
most defective propylene-ethylene (PE8.7) or above 130 
°C. Crystallization at these and higher temperatures 
take place only in the y polymorph. 

Role of Structural Irregularities and Crystal- 
lization Kinetics in the Mechanism of Formation 
of the y Polymorph. The experimental data of the 
formation of the y polymorph in homopolymers were 
mechanistically reconciled from two major considerations: 
27 (1) the partitioning by sequence length that isolated 
structural irregularities randomly introduced in a chain 
impose on the molecular structure 32,48 and (2) the role 
of very different crystal -amorphous interphases propa- 
gating either an a or y type lamellar crystallite. 57 

Within any given series of copolymers of the same 
comonomer type, the fraction of y polymorph that is 
obtained as a function of increasing comonomer content 
or increasing r C ryst follows an identical behavior to that 
observed by increasing defects in the homopolymer 
chain. The y content increases with increasing the 
fractional content of any type of defects or comonomer 
as illustrated by the. data in Figures 5 and 6. Thus, 
mechanistically, both homopolymers and copolymers 
follow the same initial requirement, the need of chains 
whose microstructure leads to thin crystallites, i.e., the 
presence of short crystallizable sequences in the chain. 

The role of a different interface was reconciled with 
the experimental observation that the y polymorph is 
favored in molecules with shorter average continuous 
isotactic sequences and at higher crystallization tem- 
peratures. It was suggested that the a polymorph is 
formed from the longest sequences through some type 
of folding while the molecular tilt, required to dissipate 
the ordered chain flux emanating from the crystalline 
regions, allows the propagation of y crystallites from the 
short sequences without the need of folding. 27 - 32 - 34 - 57 " 59 
This situation is a special case for polypropylene and of 
this particular polymorph because tilted chains in the 
unit cell represent a low-energy structure. 

The maximum in the y crystallinity with temperature 
is associated with two competing processes based on the 
availability of crystallizable sequences. The copolymer 
behavior sets a random sequence distribution, which 
combined with nucleation theory can be used to estimate 
the change in concentration of crystallizable sequences 
with Fcryst and mol % defects in the chain. This concen- 
tration is directly related to the isotactic sequence 
length required to form a nucleus of critical size, given 
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in Figure 17 of ref 27. At the lowest r C ry S t the required 
length to form a stable nucleus (as primary step in the 
crystallization) is very small; thus, most crystal lizable 
sequences may fold and lead to a crystallites. With 
increasing temperature, a larger number of crystalliz- 
able sequences approach in exact length the nucleation 
requirements, These sequences can crystallize in y 
crystallites without folding. However, at higher tem- 
peratures the length requirements to form a stable 
crystallite become much higher. The availability of long 
sequences for crystallization is reduced; thus, the frac- 
tion of units that crystallize in the y phase decreases 
at these high temperatures, in agreement with the 
experimental variation of the heat of fusion with tem- 
perature given in Figure 14. 

Packing energy calculations suggested a slightly 
higher stability of the y phase. 38 On this basis, one 
would have expected higher melting temperatures for 
y crystallites. The observed melting points are, however, 
lower than those for the a phase, suggesting thinner y 
crystallites, as also pointed out in a previous work. 58 
As indicated earlier, the present experimental data do 
not suggest that a higher concentration of defects is 
included in the y crystallites. 

The formation of the y phase in each series of random 
copolymers is adequately explained using the same 
qualitative arguments used in homopolymers with 
randomly distributed defects. However, when comparing 
the behavior for different comonomer types, important 
and systematic differences are identified in relation with 
differences in comonomer partitioning between the 
crystalline and noncrystalline regions. Propylene- 1- 
butenes crystallize with lower concentrations of the y 
polymorph than any of the other copolymers studied. 
This experimental observation confirms the NMR find- 
ings that the 1-butene units are included in the crystal 
at the highest level. 7 * 54 The 1-hexene and 1-octene units, 
rejected from the crystal, lead to the highest contents 
of the y polymorph at any temperature. Qualitatively, 
the concentration of the y polymorph gives a measure 
of the degree of incorporation of the comonomer in the 
crystalline regions of propylene random copolymers. 
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Introduction 

Isotactic polypropylene) possesses some features that 
are unique to a semicrystalline polymer. This polymer 
exhibits three different, well-defined, crystallography 
forms. The chain conformation of each is in the classical 
3i helix. The difference in the crystallography is the 
manner in which the chains are packed in the unit cell 
The crystallography habits of the three polymorphs 
have recently been reviewed in detail. 1 The most com- 
monly observed crystal form is the monoclinic or a form. 
The lamellar morphology associated with this crystal- 
lographic form is unusual. Transversal lamellae grow 
epitaxially from those initially formed, giving a mesh- 
type crosshatched morphology. 2 Details of this lamellar 
structure and its influence on thermodynamic properties 
have been reported in detail. 3 The 0 or hexagonal form 
is found either after crystallization under stress or by 
adding specific nucleating agents to quiescent melts. 
The p form transforms to the a form on heating. Early 
X-ray diffraction studies of the third polymorph the y 
form, concluded that this crystallography form was 
triclinic. 4 5 However, more recent work has determined 
that this polymorph is in fact orthorhombic. 6 " 8 The 
structure of the orthorhombic unit cell of the y form is 
unprecedented for polymeric systems. It represents the 
first, if not the only, one to date, wherein the chain axes 
are nonparallel to one another. In this structure parallel 
helices, two chains wide, are tilted 80° with respect to 
another in an adjacent bilayer. The present work focuses 
attention on the conditions for the formation of the y 
polymorph and its properties. Of particular interest is 
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the role played by the chain microstructure and the 
crystallization temperature. 

In early work, using Ziegler-Natta catalysts, the y 
form was obtained by either crystallization of high 
molecular weight species at elevated pressures. 9 " 13 
crystallization at atmospheric pressure of very low 
molecular weight chains. 14 " 17 or crystallizing propylene 
copolymers. 18 "* 1 It is difficult, however, to develop 
meaningful correlations between molecular structure 
and properties of the isotactic poly (propylenes) prepared 
with this catalyst. The reason is that chain length and 
stereo defect composition are inversely related to one 
another."-" The low molecular weights contain a high 
concentration of chain defects while the microstructures 
of the high molecular weights approach that of the 
stereoregular chain. The low molecular weight fractions 
that were used to obtain the y form thus contained a 
nigh concentration of defects. 6 7 It has been speculated 
that interruptions in the regular sequences of isotactic 
poly (propylene) favored the development of the y form. 1 
Metallocene-catalyzed isotactic poly (propylene) yields 
polymers that have most probable molecular weight 
distributions (MJM n = 2) and narrow composition 
distributions. The study of this type polymer allows for 
the molecular length and defect concentration to be 
varied independently. Thus, the relation between chain 
length, defect concentration, and the formation of the y 
polymorph can be studied. In addition to the conven- 
tional stereo- type defect, metallocene-catalyzed isotactic 
poly(propylene) chains also contain regio defects Sev- 
eral studies of y formation in this type of isotactic poly- 
propylene) have been reported. 6 - 26 - 29 ^ I n one the 
fraction of the y structure that develops in a relatively 
low molecular weight polymer. A/ w = 18 000 g/mol. with 
a high defect concentration was studied as a function 



10.1021/ma98l849r CCC: $18.00 © 1999 American Chemical Society 
Published on Web 05/18/1999 y 



Macromolecules. Vol. 32. No. 12. 1999 



Isotactic Polypropylene 4051 



samples 



M41K 
M68K 1.57 
M69K 1.70 
M142K 1.70 
M170K 1.70 
M288K 1.69 





MJH, 


isotactic" [mmmm) 


stereo defects (%) 


41 260 


2.1 






68 480 


2.1 


0.940 


0.97 


69 190 


2.1 


-0.95 


-0.90 


142 000' 


-2 


-0.95 


-0.90- 


169 800 


1.8 


-0.95 


-0.90 


288 430 


1.8 


0.954 


0.83 



regio 6 defects (%) total defects (mo I %) 



0.60 
-0.80 
-0.80 
-0.80 

0.86 



1.57 
-1.70 
-1.70 
-1.70 
1.69 



58 
54 
56 
56 
57 



" FromST ° f iS0t3CtiC PenUdS mCaSUred fr ° m ,3C NMR ' ' 2 ' 1 additions (Whro). ' Interpolated from intrinsic viscosity/At relation. 

Table 2. Molecular Characterization of Metallocene Poly(propylenes) with a Constant Low Content of Mainly 2 1 
Additions J ' 



sample 


AC 


MJM n 


[mmmm) 


stereo (%) 


regio 3 2.1 (%) 


total defects (mol %) 




M102K0.42 
M182K 0.40 
M200K 0.41 
M327K 0.41 
M403K 0.41 
M439K 0.39 


102 500 
182 000 
200 500 
327 000 
403 500 
439 000 


2.3 
2.0 
2.0 
2.2 
2.3 
2.1 


0.9959 
0.9960 
0.9925 
0.9959 
0.9959 
0.9961 


0.06 
0 

0.01 

0 

0 

0.06 


0.36 
0.40 
0.40 
0.41 
0.41 
0.33 


0.42 
0.40 
0.41 
0.41 
0.41 
0.39 


194 

223 
220 
227 
230 
243 



a 2.1 additions (erythro type). 

Table 3. Molecular Characterization of Metallocene Poly (propylenes) with Different Concentration of Defec ts 

Sample ^ MJM " [mmmm| stereo defects (%) regio 2- 1 (%) regio 1 -3 (%) total defects (mol %) n iM 



M575K 0.30 
M200K 0.41 
M349K 0.44 
M346K 1.00 
M236K 1.17 
M288K 1.69 
M335K 2.35 



575 500 
200 500 
349 500 
346 500 
236 400 
288 430 
335 500 



2.4 
2.0 
2.5 
2.3 
-2 
1.8 
2.3 



0.995 
0.9925 
0.991 
0.954 

0.954 
0.908 



0.08 
0.01 
0.09 
0.84 
0.22 
0.83 
1.68 



0.22 
0.40 
0.35 
0.16 
0.95 
0.86 
0.53 



0 
0 
0 
0 
0 
0 

0.14 



0.30 
0.41 
0.44 
1.00 
1.17 
1.69 
2.35 



314 

220 
212 
96 
82 
57 
41 



of the crystallization temperature. 28 In the other, the 
molecular weight of the samples ranged from 10 000 to 
62 000 with a wide range in stereo and regio defects. 29 
However, slow cooling from the melt was the only 
crystallization condition used. These works, although 
significant, do not allow for an analysis of the wide 
range of molecular weights, microstructure, and crystal- 
lization temperatures that are available. 

In the present work, studies were carried out under 
atmospheric pressure, with metallocene-catalyzed iso- 
tactic poly (propylenes) that encompassed a range in 
molecular weights and defect content that were much 
greater than previously reported. With this set of 
polymers it was possible to investigate in a systematic 
manner the effect of molecular weight on y formation 
at fixed defect concentration as well as the role of defect 
concentration when the molecular weight is held con- 
stant. By studying isothermal crystallization kinetics, 
the relative rates of the formation of the a and y 
polymorphs could be determined as well as the amounts 
that are formed under specified conditions. From this 
work the role of chain microstructure and the thermo- 
dynamic and kinetic requirements for the formation of 
the y form could be established in more quantitative 
detail than heretofore. The extensive results that are 
reported establish a framework within which to discuss 
the underlying basis for the development of this poly- 
morph. It enables one to address the fundamental 
question as to the driving force(s) that lead to the unique 
crystalline structure. We limit consideration here to 
chains that only contain regio and stereo defects. The 
role of comonomers, when inserted in the chain, will be 
discussed in a subsequent paper. 

Experimental Section 

Materials. Three different series of metallocene poly- 
(propylencs) were studied. The effect of the molecular weight 



and crystallization temperature on the formation of the y 
phase was examined with the two sets of polymers listed in 
Tables 1 and 2. The samples are designated by molecular 
weight and defect concentration. Thus, in Table 1. M68K 1 .57 
represents a metallocene poly(propylene) with AC = 68 000 
and 1.57% defects. The polymers listed in Table i have a 
constant defect concentration of about 1.7 mol of defects per 
100 monomeric units, while the molecular weights vary from 
AC - 40 000 to -300 000 g/mol. The molecular weight 
distribution is narrow, characteristic of this type of poly- 
(propylene). MJM n ~ 2.0. Of the total defects, about half are 
of the stereo type while the remainder are of the 2.1 type of 
addition. The total defect content is also constant for the series 
of polymers listed in Table 2. However, the concentration is 
much lower than for the series listed in Table 1. All of the 
polymers in this series contain about 0.4 defects per 100 
monomeric units. The defects in this series are mainly of the 
2,1 type of additions. In some of these polymers the stereo 
defect content was below the detectable level (about 0.02%). 
The molecular weights vary from about 100 000 to 439 000 
g/mol. The polymers listed in Table 3 were used to study the 
effect of defect concentration on the formation of the y phase. 
Thus, in this series, the molecular weight and molecular 
weight distribution are approximately constant, and the total 
amount of structural irregularities (listed as total defect 
content in the table) varied from 0.3 to 2.34 mol %. The 
different types of stereo and/or regio defects are also listed. 
We thus have available a much wider range in molecular 
weights of metallocene-type isotactic poiy(propylenes) that 
have been studied, heretofore, as well as a significant concen- 
tration range in both stereo and regio defects. 

Although the major focus of this work is with the metal- 
locene isotactic poly (propylenes) we have, for comparative 
purposes, also studied two unfractionated Ziegler-Natta 
catalyzed polymers. Their molecular characteristics are given 
in Table 4. These polymers only contain stereo defects that 
are broadly distributed. 

In addition to the amount and type of defect, the molecular 
weight, the polydispersity, and the fraction of isotactic pentads 
measured by 13 C NMR, are also listed in the tables. 
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Table 4. Molecular Characteristics of Ziegler-Natta 
Poly (propylenes) 
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sample 



mm mm mmmr/2 



A* 



271 500 
312 300 



6.10 
4.5 



0.9457 
0.9395 



0.0086 
0.0102 



116 
98 



° After removal of atactic fraction (see text). 



u c 0^n«attons from the melt at temperatures higher than 
about 80 C were carried out in thermostated oil baths In 
these experiments, films approximately 20 mm long, 13 mm 
wide, and 0.5 mm thick were used. The samples were sand- 
wiched between thin aluminum plates and melted in an oil 
bath at 200 C for 15 min and then rapidly transferred to 
another oil bath set at the required crystallization tempera- 
ture. To prevent degradation during crystallizations that 
required over 1000 min. the molded plates were placed in 
vacuum-sealed tubes. After the required crystallization time 
elapsed, the tubes were quenched in an ice/water bath 
Quenching to ice/water or rapid crystallization of the samples 
from the melt was carried out directly from the hot press to 
the quenching bath. 

Techniques The chain structure was characterized by 

r^^S^TJ ° NMR f0ll0Win * assi g™ents previously 
reported. 30 'The concentration of stereo defects was calcu- 
lated from the mmmr pentads as mmmr/2. The fractional 
content of 2,1 or 1,3 additions was computed from their 
respective assigned resonances. 33 -** The ,3 C NMR spectra were 
obtained in polypropyienes free of atactic fraction to avoid 
complications in analyzing the spectra from overlapping peaks 
To separate the atactic fraction, the polymer was dissolved in 
tetrachlorobenzene (2% w/v) and allowed to crystallize by 
slowly cooling the solution to.room temperature. The average 
length of isotactic sequences between any two structural 
irregularities in the chain. ^, is a quantity of strong interest 
it is defined as the number of isotactic monomeric units divided 
by the number of isotactic sequences. By assuming a random 
distribution of defects it can be approximated by 



"iso 



= DP-Dp[mmmi + regjo(2l) + reg . o(i 3) j 

1 + D p|mmmi + regio(2 j) + re gio(i .3)] 



(1) 



where DP is the degree of polymerization and mmmr/2. regio- 
U.l). and regio(1.3) are the fractional contents of stereo 2 1 
and 1.3 additions. The isotacticity content and molecular 
weight of the polymers studied here are high. Therefore the 
A* values calculated according to eq 1 are basically identical 
to the average meso run length calculated from the fraction 
of triads, tetrads, or pentads as derived by Randall 39 Under 
these conditions h = n tso = l/fractional content of defects. The 
Aso values for the polymers studied here are listed in Tables 
1—4. 

ncT^oo" 1 ^" 8 beh 1 avior was stu died with a Perkin-Elmer 
UbL-^B differential scanning calorimeter operated at a heat- 
ing rate of 10 X/min. The enthalpies of fusion were converted 
to degrees of crystallinity ((1 - X)^ by taking the enthalpy 
of fusion of a perfectly crystalline poly(propylene) as 50 cal/ 
g and using indium as standard. The crystallization kinetics 
were also studied by DSC following the increase in the 
endothermic peak areas with time. 41 

The wide-angle X-ray scattering patterns (WAXS) were 
obtained using a slit-collimated Siemens D-500 diffractometer 
operating in a 20 range between 4° and 40°. The instrument 
is equipped with a removable high-temperature stage. Filtered 
Vlu ra u diation was used « source. The peak assignments 
of the y phase, given by Bruckner and Meille. 6 were followed 
ine Miller index assignments given by Turner-Jones 5 were 
used for the a phase. As an example, a diffractogram of an 
isotactic poly(propylene) that contains approximately equal 
amounts of a and y phases is shown in Figure 1. The most 

at Y^^pn n? n ?i! i0n , 0f thG Y form is the (1 17) that a PP ears 
at a 20 of 20.05 . The characteristic peak of the a form is the 




TWO-THETA (DECREES) 

Figure I WAXS diffractogram of sample M142 Kl 70 
crystalled at 125 'C The Miller indexes of the -/phase* given 
in parentheses and of the a phase 5 are indicated 

nh d a « tha L apPearS 26 equals 18 ' 8 '- The fra "ion of 
the y phase in the crystalline region was obtained from the 
difTractograms following the method given by Turner-Jones 18 
It was calculated from the heights of the peaks at 18 8* Ifi \ 
and 20.05' (H y ) as (H^ + Hd). pe " (S " 18 8 {Hd 

Results and Discussion 

Effect of Varying Molecular Weight for a Fixed 
Content of Defects. The effect of molecular weight on 
the formation of the y form, at a fixed chain (stereo or 
reg.o) defect content, is analyzed with the set of isotactic 
poly(propylenes) listed in Table 1. Each of the polymers 
was isothermally crystallized in the temperature inter- 
val between 100 and 150 °C and then rapidly trans- 
ferred to room temperature. The time required to obtain 
complete transformation at the highest crystallization 
temperatures was estimated from a previous study of 
"y stallizati ° n kinetics of the same samples. 41 The 
WAXS measurements were made at room temperature 
The percentage of crystals that develop as the y 
polymorph as a function of crystallization temperature 
for these polymers, after complete crystallization is 
given in Figure 2. As the crystallization temperature is 
raised above 90 X. the y form begins to develop at the 
expense of the a. In the crystallization temperature 
interval from 60 to 130 'C the y fraction increases from 
0 to about 60%. Crystallization at 100 °C yielded a 
relatively small amount of y content, between 16% and 
£8%. An extrapolation of the low-temperature side of 
f ' 8 u re 2 l" d l' ates that at a crystallization temperature 
of about 90 °C. and below, the y form will not develop 
in this molecular weight range for polymers having 
about 1.7 mol % defects. Experiments show that after 
rapid crystallization from the melt, to either 23 or 60 
C. only the a form is observed. A maximum in the y 
concentration is reached at about 130 °C with a 
continuous decrease being observed above this crystal- 
lization temperature. No definitive trend in the y 
content could be discerned with molecular weight 

An increase in the y content with increasing temper- 
ature has also been reported for another metallocene- 
type isotactic polypropylene).** This polymer had a 
relatively low molecular weight (M v = 18 000 g/mol) and 
a defect content greater than 4.4 mol % and was 
crystallized under atmospheric pressure. 42 At crystal- 
lization temperatures between 115 and 125 °C this 
sample crystallized almost completely in the y form. 
Crystallizations were not carried out at higher temper- 
atures with this polymer. 



Macromolecules. Vol. 32. No. 12. 1999 



Isotactic Polypropylene 4053 



07 

0.6 




6 












0 5 




















/ • 




04 








03 


♦ / 




\ 


02 










/ 6 




M41K 






♦ 


M68K1.57 


01 




* 


M69K1.70 




■ 


M142K1.70 






▼ 


M170K1.70 






a 


M 288K1 69 


0.0 









80 SO tOO 110 120 130 140 150 160 

T.ra 

Figure 2. Fractional content of the y polymorph in the 
crystalline region as a function of crystallization temperature 
for metallocene poly(propylenes) with the indicated molecular 
weights. 

The observation of a maximum in the plot shown in 
Figure 2 is both unique and important. Therefore, its 
validity needs to be carefully examined and substanti- 
ated. In general, the crystallization rate of all polymers 
decrease markedly with increasing temperature at the 
right side of the maximum of the crystallization rate/ 
temperature plot. Although the time scale of the crys- 
tallization was established from earlier crystallization 
kinetic studies. 41 there could be concern that the de- 
crease in the concentration of the y polymorph at the 
higher crystallization temperatures could be the result 
of an incomplete transformation. Any potential crystal- 
lizable material would crystallize upon quenching and 
contribute to the WAXS pattern. Quenching peaks do 
not appear in the DSC thermograms for samples 
crystallized at 130 °C and below. However, after crys- 
tallization at temperatures at the right side of the 
maximum, > 130 °C, in addition to the main endotherm, 
which corresponds to the melting of the crystallites 
formed isothermally. a small peak with about 6% 
crystallinity is also observed at much lower tempera- 
tures, about 135 °C. Attempts to eliminate the quench- 
ing peak by prolonged crystallization at 135 °C were 
unsuccessful. Since the WAXS determination of the y 
fraction was carried out at room temperature, it is 
important to determine the crystal form of the quenched 
crystallites because these crystallites contribute to the 
WAXS pattern. Our interest, however, is the y fraction 
in the crystalline region developed at the crystallization 
temperature. If the material that crystallized upon 
quenching did so as a crystals, then the fractional 
content of the y polymorph at the crystallization tem- 
perature would increase when these crystals are melted. 
In this case the maximum observed in Figure 2 would 
not be meaningful. On the other hand, if the quenched 
material were composed of y crystals, then the maxi- 
mum would be correct. Therefore, these possibilities 
were examined in more detail. 

Figure 3a shows the DSC thermogram of sample 
M142K 1.70 that was crystallized at 145 °C for about 1 
week and then quenched to 23 °C. A broad quenching 
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Figure 3. (a) DSC melting of sample Ml 42 K1.70 crystallized 
at 145 °C. The broad melting peak at -135 °C is due to 
crystallites formed on quenching, (b. c) WAXS difTractograms 
of the same sample obtained at 25 °C (b) and at 140 °C (c). 
Note the decrease of the y reflection at 29 = 20.05° in the lower 
diffractogram. 

peak (130-140 °C) appears in the thermogram together 
with the two melting peaks of the crystals formed 
isothermally. Parts b and c of Figure 3 give the WAXS 
difTractograms of this sample at room temperature and 
at 140 °C, respectively. The 140 °C temperature is above 
the melting of the crystals formed on quenching but 
below those formed isothermally. The intensity of the 
reflection assigned to the a polymorph is the same at 
140 °C as at room temperature. However, the intensity 
of the reflection corresponding to the y form decreases 
from room temperature to 140 °C. This result indicates 
that crystals of the y polymorph are formed on quench- 
ing and. therefore, do not have a negative effect in the 
calculation of the y content of the samples crystallized 
at high temperatures. A similar experiment with sample 
M170K 1.70 crystallized at 140 °C gave identical results; 
i.e., the crystals formed on quenching are of the y 
polymorph. Thus, the decrease in the relative content 
of the y phase formed in this series of poly (propylenes) 
at crystallization temperatures above 130 °C is con- 
firmed. 

Support for the maximum in Figure 2 is also found 
in the following observations derived from the melting 
behavior. As mentioned previously, all of the polymers 
in this series that were crystallized above 130 °C give a 
small quenching peak of approximately the same area 
that correspond to 5-10% crystallinity. An example is 
shown in Figure 4 of two thermograms of sample M41K 
that was crystallized at 135 and 140 °C. The degrees of 
crystallinity of about 42% are similar for both of the 
major endotherms. The crystallinity levels of small 
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Fj&HI?, 4 ' P SC endoth erms of sample M41K crystallized at 
140 C (top) and 135 °C (lower). These temperatures are in 
the right side of the maximum of Figure 2. The fractional 
content of y crystals formed is significantly different although 
the broad endotherm formed from quenching is similar. 

quenching peaks are also similar. However, the WAXS 
measurements at room temperature indicate that the 
y fraction of the sample crystallized at 140 °C is 0.43 
while it is 0.60 for the one crystallized at 135 °C. 
Therefore, the decrease in y content with increasing 
crystallization temperature (above the maximum in 
Figure 2) cannot be attributed to incomplete crystal- 
lization. Further support of the validity of the maximum 
in Figure 2 comes from studies of isothermal crystal- 
lization kinetics that will be discussed shortly. 

The formation of the y polymorph as a function of the 
crystallization temperature was also studied for all the 
polymers listed in Table 2. In this series the concentra- 
tion of defects is constant and very small, about 0.4 mol 
%. They are mainly of the 1, 2 head-to-head type, with 
only a minor stereoisomer content. The molecular 
weight in this group vary from 102 500 to 439 000 g/mol. 
Only a crystals are formed after relatively rapid crystal- 
lization of the polymers in this group. For crystallization 
temperatures between 140 and 155 °C. the samples 
display a weak reflection at 26 = 20.05°. which is 
characteristic of the y crystals. X-ray diffractograms are 
shown in Figure 5 for the polymer M102 K0.42 that was 
crystallized at 145. 155. and 160 °C. The y fraction is 
very small in this series, relative to the values found 
with the polymers from Table 1. It is about 5% after 
crystallization at 145 °C and increases to about 8% for 
crystallization at 155 °C. The y content is negligible or 
zero, after crystallization at 160 °C. The transformation 
at each of these temperatures was complete. Hence, the 
variations of the y content with crystallization temper- 
ature cannot be attributed to any effect of the crystals 
formed during quenching. Thus, a small, but significant, 
amount of the y form can even be developed at atmo- 
spheric pressure in these highly regularly structured 
isotactic poly (propylenes), when the crystallization is 
conducted at sufficiently high temperatures. A small. 
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Figure 5. WAXS diffractograms of sample M102 K0 42 
crystallized at three different temperatures: (a) T r = 145 °C 
5% y: (b) r c = 155 ;C. 8% y; (c) T c = 160 'C. 0%. Note the 
absence of y reflection in the sample crystallized at 160 °C. 

but discernible, maximum in the fraction of y form with 
crystallization temperature is also observed. 

Effect of Varying Defect Concentration The 
above results give an indication that the optimum y 
content that can be achieved after isothermal crystal- 
lization of homopolymers increases with defect concen- 
tration. To examine this effect on a quantitative basis 
a series of polymers whose defect content ranged from 
0.3% to 2.35%. stereo and regio defects included, were 
also studied. The polymers in this series are those listed 
in Table 3. These polymers are not of strictly uniform 
molecular weight. However, in this range of high molec- 
ular weight the effect of chain length on the formation 
of the y polymorph is, as noted in the previous section 
negligible. The pair of samples M346K 1.00 and M236 
K1.17 is of particular interest because they have about 
the same fractional content of defects but of the reverse 
type; i.e.. M346 K1.00 contains 0.84 mol % stereo defects 
and 0.16 mol % of 2.1 additions while M236 K1.17 has 
0.22 mol % stereo and 0.95 mol % of 2.1 additions A 
comparison of the results for this pair will ascertain 
whether the formation of the y form is enhanced by a 
specific defect type. Rapid crystallizations of all of these 
polymers, such as crystallization in ice water or at 25 
°C. led to the formation of only a crystals. 43 

The results with this series follow the trends that 
have already been described. For a given polymer the y 
form is favored at high crystallization temperatures 
below the maximum. The temperature at which y 
crystals are first observed increases with decreasing 
concentration of defects. For example, the polymer with 
the lowest defect concentration. 0.30%, does not show 
any y crystals over the whole temperature interval 
studied. Even after crystallization at temperatures as 
high as 164 °C. the diffractogram was characteristic of 
the a form. If a very small amount of y was formed, it 
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Figure 6. Variation of the fraction of the y polymorph in 
isotactic poly(propylenes) as a function of percentage of chain 
defects and crystallization temperature. This work f O I a ▲ 
(the ranges of values indicated as I includes the values 'of 
percent y obtained with different molecular weights (see 
;Jr ? ^ ) 7 Lit ? rat M e dat ^ # - low molecu lar weight iPP from 
refit ZiegIer ~ Natta iPP cr ystalli2ed at high pressure from 

was not resolved. We have found in the previous series 
that a small y content can be observed with defect 
concentrations of about 0.40%. In contrast, the polymer 
in this series with the highest defect content (2.35%) 
shows no, or a very small, concentration of y form at 
the low crystallization temperatures and very high 
values. >82%, when crystallized at 124.5 °C. Prolonged 
crystallization of this sample at 138 °C led to smaller 
values of the concentration of the y form (70%) and also 
confirms the existence of the maximum in this polymer 
Figure 6 is a compilation of the fractional content of 
y that forms as a function of the crystallization tem- 
perature for the polymers listed in Table 3. as well as 
the available literature data. Each curve represents the 
data for a different defect content. The bars in the 
curves for the polymers with 1.7 and 0.4 mol % defects 
indicate the range of values obtained with the different 
molecular weights (Tables 1 and 2). The literature data 
are those of Thomann et al. 28 for a metallocene isotactic 
poly(propylene) having a defect concentration greater 
than 4.4 mol % and that of Phillips et al. 44 for an 
unfractionated Ziegler-type isotactic poly (propylene) 1 2 
mol % defects, crystallized under a pressure of 125 MPa 
The quantitative aspects of the figure demonstrate in a 
dramatic fashion the role of crystallization temperature 
and defect concentration on the development of the y 
form. As an example for crystallization at 100 °C the y 
content is -0% for polymers with 1 mol % defects* 20% 
for polymers in Table 1, defect content 1.7 mol %• 
approximately 45% for polymer M355 K2.35 that has 
2.35 mol % defects; and 90% for the low molecular 
weight polymer studied by Thomann et al. 28 that has a 
defect content greater than 4.4 mol %. The maximum 
percentage of y that is developed follows a similar 
pattern being 40%. 60%. 83%. and 100% for the respec- 
tive polymers and only about 8% for the polymer 
containing 0.40% defects. To develop a y concentration 
of 50% at the left side of the maximum requires 
crystallization at 120 °C for polymers listed in Table 1 
(1.70 mol % defects). The polymer having greater than 
4.4 mol % defect only requires a 75 °C crystallization 
temperature to achieve the same value for the y 
concentration. This difference in crystallization tem- 
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perature also shifts the formation of equivalent y 
concentrations to higher undercoolings with increasing 
defect content. These temperatures correspond to un 
dercoolings of 63 and 102 X when 186 °C is taken as 
he equilibrium melting temperature. r m °, of the y 
fornix The undercooling differences would be qualita- 
tively similar if a higher value was taken for T m ° «•■« 
This effect of temperature is even more marked at low 
y concentrations For example, a y content of 5% is 
achieved at 60 °C for the polymer with greater than 4.4 
mol % of defects, while 145 °C is required for the 0.4% 
sample. This is a dramatic change for forming just a 
small amount of y. Thus, the defect content and the 
crystallization temperature are the key variables that 
govern the fraction of y that is formed. Although the 
role of these two variables has been discussed qualita- 
tively previously. 28 we find in Figure 6 a comprehensive 
set of detailed quantitative data covering a wide range 
in defect concentration and crystallization tempera- 
tures. " v 

Interestingly, the two polymers with essentially the 
same total defect content. M346 Kl.00 and M236 Kl 17 
but inversely distributed between stereo and regio 
develop identical values of the fractional content of the 
y form at all crystallization temperatures. The results 
for this pair are represented in Figure 6 by the open 
and closed triangles. We can conclude from these results 
that the two types of defects have the same influence 
in the formation of the y polymorph. 
, ™? Ziegler-Natta catalyzed polymer that contains 
l.26/o stereo defects, and no regio ones, behaves in a 
similar manner when crystallized under pressure Un- 
der atmospheric pressure the y form cannot be devel- 
oped over the accessible temperature range for crystal- 
u atl °^o, H0Wever ' when cr ystallized under 125 MPa 
about 65 /o of the y polymorph develops at 145 °C There 
is, initially, a continuous increase in the y content as 
the crystallization temperature is increased. A maxi- 
mum, or leveling off. is then reached at the highest 
temperatures studied. Much higher y concentration 
levels are observed than would be expected from the 
atmospheric pressure studies that have been described 
A major consequence of applying hydrostatic pressure 
is that it enables the crystallization to be conducted at 
higher temperatures. Thus, for this reason alone higher 
y concentrations are expected relative to those obtained 
at atmospheric pressure. There may also be an influence 
of the applied pressure on the crystallization kinetics 
This in turn could influence the development of the v 
form. 48 r 

The maximum fraction of y that was obtained for each 
of the polymers listed in Table 3. as well as one from 
Table 2 with just regio defects (Ml 82 K0.40). is plotted 
against the total defect concentration in Figure 7 The 
bars represent the range of experimental values ob- 
tained at temperatures in the vicinity of the maximum 
Also indicated with each data point are the regio and 
stereo fractions of the polymer, the stereo ones preceding 
the regios. The solid straight line that is drawn is an 
approximate representation of the data. This straight 
line extrapolates to 2.8 ± 0.1 as the minimum percent- 
age of defects that will allow 100% crystallization of the 
y form at the optimum crystallization temperature This 
conclusion is based on the molecular weight ranee 
studied. Very low molecular weight polymers may 
behave in a somewhat different manner for reasons that 
will be discussed shortly. 
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Figure 7. Maximum value of the fractional content of y 
polymorph as a function of the concentration of chain defects 
for metallocene poly(propylenes) (I) and commercial Ziegler- 
Natta type (■). The range of values in I are from samples with 
different molecular weights as well as from different crystal- 
lizations at temperatures in the region of the maximum of 
Figure 6. 

The two Ziegler-Natta catalyzed samples that were 
studied, which only contain stereo defects, are also 
included in Figure 7. Sample A, with 0.86% stereo 
defects, was isothermally crystallized at six different 
temperatures over the range between 26 and 164 °C. 
The y phase was not found under any of these crystal- 
lization conditions. Sample B, with 1.02% stereo defects, 
was crystallized at 26 and 145 °C. As was found with 
sample A, only the a polymorph was formed. The 
polymer studied by Mezghani and Phillips, which 
contained 1 .26 mol % of stereo defects, also did not form 
the y polymorph when crystallized at atmospheric 
pressure. 11 If these Ziegler-Natta type polymers fol- 
lowed the pattern of the metallocenes. then between 
25% and 40% of y form would be expected. It should be 
noted that the Ziegler-Natta polymers studied by 
Fischer and Mulhaupt 29 developed about 20% of the y 
form. However, the defect concentration of these poly- 
mers was not given so that a comparison with the 
metallocene type isotactic poly (propylenes) cannot be 
made. Other literature reports indicate only small 
concentrations of the y phase in Ziegler-Natta isotactic 
poly(propylenes). 49 The difference in behavior between 
the two types of isotactic poly (propylenes) with respect 
to y formation must be related to the broad distribution 
of the defect content of commercial Ziegler type poly- 
ropylenes. Thus, although the overall concentration of 
defects is about 1 mol %, a relatively large number of 
these defects may be concentrated in a small fraction 
of poorly crystallizable molecules, which will have a 
minor contribution to the crystalline properties. 50 

Fischer and Miilhaupt 29 have suggested that the 
average isotactic segment length n^. also termed aver- 
age meso run length, 50 is an important factor in 
determining the y fraction that can be achieved. This 
postulate is in accord with the observation that higher 
defect content favors y formation. Accordingly, the 
average isotactic segment length, calculated according 
to eq 1. is plotted in Figure 8 against the maximum 
percentage of the y form that was obtained. It is clear 




Figure 8. Maximum value of the fractional content of the y 
polymorph as a function of the average length of isotactic 
sequences {/7 S J: a. metallocenes iPP from this work- ■ 
Ziegler-Natta iPP from this work; O. slowly cooled metal- 
locene iPP from ref 29. 

that the maximum y content that can be achieved 
decreases continuously with average isotactic sequence 
length. We can estimate from the present work that 
polymers with of about 300 units would only produce 
a type crystals. In contrast, average sequence lengths 
of about 35 would yield only the y form. The values 
reported by Fischer and Mulhaupt for the y form of 
slowly cooled samples (not necessarily the optimum 
value) are also plotted in Figure 8. To make a compari- 
son with the present work, the reported values were 
recalculated according to eq 1. Their results are in good 
agreement with those obtained in this work, particularly 
in consideration of the different crystallization methods 
used. The important conclusion from Figure 8 is that 
very small sequences of isotactic poly (propylene) can 
crystallize in the 3/1 helical form and do so as the y 
polymorph. On the other hand, with very long se- 
quences, only the a polymorph forms, while the same 
ordered conformation is maintained. 

The work reported here has been for high molecular 
weight polymers so that the results are essentially 
independent of chain length. However, for very low 
molecular weights that have the same level of defect 
content, the n iso values, calculated by eq 1, will be 
reduced significantly. This explains in a quantitative 
manner why low molecular weights crystallize predomi- 
nantly in the y form. 14 " 17 ^ The crystallization of a low 
molecular weight of isotactic poly (propylene) allowed for 
the determination of the crystal structure of the y 
polymorph. 6 - 7 

Melting. With the establishment of the conditions for 
y formation in terms of the chain microstructure and 
crystallization temperature, we next examine the fusion 
behavior. Thermograms of four polymers from Table 1, 
that were crystallized at four different temperatures 
are given in Figure 9. All of the thermograms show 
multiple endothermic peaks. The thermograms for 
crystallization at 60 °C are given in Figure 9A. Under 
these crystallization conditions the WAXS patterns have 
shown that only the a polymorph is formed. Two 
endothermic peaks are observed that have been identi- 
fied with the two different lamellae types that are 
associated with the a form. 3 A mesh, crosshatched type 
lamellar morphology is observed with these crystals. 
The low-temperature endotherm represents the melting 
of thinner transversal lamellae while the higher-tem- 
perature endotherm is due to the melting of the radial 
(usually thicker) lamellae. 3 For relatively low crystal- 
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Figure 9. DSC endotherms of iPP from Table 1 crystallized 
endotherms. 

lization temperatures there could also be a contribution 
from a melting- recrystallization process. 

After crystallization at 120 °C (Figure 9B). a major 
endothermic peak is observed at 149.5 °C along with a 
low-temperature shoulder. The shoulder becomes better 
dettned with the higher molecular weight samples. The 
relative areas of the two peaks are qualitatively similar 
to the ratio of the y to a contents of these samples. It 
is, therefore, tempting to postulate that the two peaks 
represent the melting of the a and y forms, respectively. 
This postulate will be addressed after the thermograms 
for the higher crystallization temperature and the 
diffractograms obtained during melting are analyzed. 

The thermograms in Figure 9C for crystallization at 
130 °C. which corresponds to the temperature of the 
maximum in Figure 2, display some unique features. 
For polymers with molecular weights between 68 000 
and 169 800 g/mol, three separate endothermic peaks 
are resolved. The central endotherm of the highest 
molecular weight studied is less intense and overlaps 
with the high-temperature endotherm. These peaks are 
not a consequence of a melting followed by recrystalli- 
zation process because varying the heating rate does not 
change the number or relative intensity of these peaks. 
All three peaks develop simultaneously during the 
initial stages of the crystallization. They could be 
associated with melting of different morphological or 
crystallographic entities. Qualitatively similar results 
are obtained for crystallization temperatures between 
125 and 140 °C. No quenching peaks are observed in 
the thermograms for crystallization temperatures up to 
130 °C. The absence of such peaks indicates that at 
crystallization temperatures equal to, or less than. 130 
°C the transformation is complete. 

After crystallization at 145 °C for 6 days (Figure 9D). 
a low-temperature endotherm at about 137 °C is found 
that is due to the crystallites formed on quenching 
Besides this broad quenching peak, the thermograms 
of the samples show two melting peaks. Thus, it appears 
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that at the high crystallization temperatures the middle 
endotherm shifts to higher melting temperatures and 
overlaps with the high melting peak. The intensity of 
the low melting peak at T c = 145 °C decreases consider- 
ably with respect to the intensity of the same peak for 
T c - 130 °C. As will be demonstrated shortly, the low- 
temperature peak corresponds to melting of y type 
crystals; therefore, the variation of the intensity of this 
peak with T c in Figure 9B-D parallels the variation of 
the fractional content of y form shown previously (see 
Figure 2). The resolution of the three different struc- 
tures into separate melting endotherms appears to 
depend on the molecular weight of the polymer Inspect- 
ing Figure 9C. T c = 130 °C. the lowest molecular weight 
only gives a broad melting peak, and the central 
endotherm of the highest molecular weight polymer is 
only resolved as a broad shoulder. The intermediate 
molecular weights clearly show the three melting en- 
dotherms. The variation of the melting behavior with 
molecular weight seems to reflect variations of the 
average crystallite thickness of both polymorphs with 
molecular weight. 

To investigate the origin of the three melting endo- 
therms observed for crystallization temperatures be- 
tween 125 and 140 6 C for the samples listed in Table 1 
of which Figure 9C is an example, WAXS and birefrin- 
gence studies were carried out with sample M142 K1.70 
that was isothermally crystallized at 135 °C. A DSC 
melting thermogram was obtained under the same 
crystallization conditions. This thermogram serves as 
a reference to identify the temperatures of interest in 
the diffractograms and is given as an insert to Figure 
10. Wide-angle X-ray scattering patterns were obtained 
at a series of temperatures that were dictated by the 
main features of the thermogram. These patterns 
comprise the main portion of Figure 10. The uppermost 
diffractogram was taken at 137 °C. which represents a 
temperature below the melting range. Thus, the frac- 
tions of the a and y form obtained at this temperature 
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Figure 10. Top: DSC melting thermogram of sample 
M142K1.70 crystallized at 135 °C. Lower: WAXS diffracto- 
grams of the same sample obtained at the temperatures 
indicated by arrows in the thermogram. The relative variations 
of the a or y reflections with temperature are discussed in the 
text. 

are the same as those at room temperature. As the 
temperature is raised to 147 °C, close to the peak of the 
lowest endotherm. the 117 reflection, characteristic of 
the y polymorph, decreases significantly. However, the 
intensity and width of the characteristic a reflection 
remain constant. It is clear, therefore, that the y 
polymorph begins to melt at a temperature lower than 
that for the a form. At 154 °C. the temperature which 
corresponds to the peak of the central endotherm, the 
y polymorph is still observed in the diffractogram, 
although its content has decreased to less than 10%. In 
contrast, at this temperature the intensity and width 
of the a reflection remained constant. Thus, the diffrac- 
togram recorded in the temperature region of the two 
lowest endotherms shows that the y polymorph has 
preferentially melted. There is no contribution from the 
a crystal to these two endotherms. Only in the temper- 
ature region of 158 °C, which corresponds to the sharp, 
highest temperature endotherm, does the characteristic 
130 reflection of the a form decrease and eventually 
vanish. The two melting endotherms attributed to the 
y polymorph could be caused by either two crystallite 
populations with different average thicknesses or two 
sets of crystallites with similar thicknesses but having 
different morphologies. The possible y structures will 
be discussed shortly. 

Unusual lamellar morphologies were observed for y 
isotactic poly(propyiene) spherulites formed at elevated 
pressure. 12 Radial lamellar patches, postulated to be 
either the a or y phase, were reported to melt at 
temperatures MO °C lower than featherlike structures 
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Figure 11. DSC melting and WAXS diffractograms at dif- 
ferent temperatures during melting for sample M335K2.35 
crystallized at 124.5 °C. The temperatures at which WAXS 
were obtained are indicated by arrows in the thermogram. 

grown epitaxially. In our studies of crystallization at 
atmospheric pressure the a phase has never shown to 
have a lower melting temperature than the y phase. 
Thus, if thin lamellae are part of the morphology of y 
crystals formed at high pressure, by analogy with our 
studies, they most probably are of the y form. We have 
investigated this hypothesis further by studying the 
crystallization and melting of both crystallographic 
forms in our poly (propylene) sample that had the 
highest y content. The WAXS studies were again 
correlated with thermal measurements. Figure 11 de- 
picts the DSC thermograms and WAXS patterns of 
polymer M335 K2.35 that was crystallized at 124.5 °C 
for 4 days. The y content of this sample is 82.5%. The 
WAXS patterns were obtained at room temperature and 
at the temperatures indicated by the arrows in the 
thermogram. Paralleling the results shown in Figure 
10. for a polymer that contained a lower defect content, 
the intensity of the 130 reflection (26 = 18.8°). which 
identifies the a crystals, remains constant until the final 
stages of melting. At temperatures that correspond to 
the intense high-temperature endotherm and its vicin- 
ity. 148 and 149 °C, the intensity of the y peak at 20 = 
20.05° decreases significantly, but it does not completely 
vanish. The two last diffractograms show that a small 
percentage of y crystals remain even at temperatures 
close to complete melting. Thus, the association of the 
low-temperature peak with the complete melting of the 
y crystals, and the high-temperature one with the 
melting of a, is not completely supported by the results 
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shown in Figures 10 and 1 1. Although only y crystallites 
contribute to the low melting endotherm and the melt- 
ing of all of a is reflected in the high-temperature 
endotherm. a small concentration of y crystals a few 
percent, melt in the temperature region of the high 
melting peak. The melting of this second population of 
y crystals was resolved as a distinct endotherm in 
i-igure 10 for a sample with fewer defects. However it 
does not show as a third endotherm in Figure 11 when 
a higher content of y phase is involved. This middle 
endotherm is most probably buried within the high- 
temperature endotherm. 

The results shown in Figures 10 and 1 1 indicate that 
the y reflection is observed within both the low -and 
high-temperature endotherms. albeit with quite differ- 
ent intensities. On the basis of these results, two 
different morphological y structures can be postulated 
to coexist with the a form. It has also been concluded 
on the basis of microscopic observations, that the y 
crystals exist in two different morphological forms 12 28 
The atomic force microscopic studies of Thomann et al 28 
clearly distinguished bundlelike entities of the y phase 

In°o7 in f B n» trian S ular slices arranged in rows in an 
angle of 80 to each other on a structures. These entities 
exist along with structures of pure y entities The 
present thermodynamic and WAXS results strongly 
support the conclusion drawn from the microscopic 
studies. An explanation for the existence of three 
different lamellar entities, with distinctly different 
melting behavior, can be given on the basis of crystal- 
lography modes of lamellar packing for the a and y 
polymorphs. 151 These models favor epitaxial crystal- 
lization of a from a and of y from a forms and thus 
support the common observation of the a-a and a-y 
branching. However, they do not allow for y-y branch- 
ing. Although speculative at this stage, it is not unrea- 
sonable to associate the low-temperature peak with 
unbranched y crystals and the middle peak with melting 
of y crystals that grew epitaxially on a preexisting a 
surface. The relative percentage of the latter crystals 
that are formed is conditional to the percentage of a 
crystals formed in the high-temperature region in which 
the y phase develops. This explains the lack of resolution 
of a distinct middle endotherm in Figure 1 1 since the 
percentage of crystals of the a polymorph in this sample 
is only 17%. The validity and details of these possibili- 
ties representing the two different y morphologies still 
need to be elucidated. 

The relation between the polymorphic form developed 
at a given temperature and its melting behavior was 
also studied by optical microscopy. As an example it 
was found that the sign of the birefingence of the 
spherulites of sample M142K1.70. crystallized at 135 
C whose melting was depicted in Figure 10 is prefer- 
entially positive. This positive birefingence is due 
primarily to the -55% of y crystals present and perhaps 
also by some daughter, transversal, a type lamellae. The 
sign changes to a mixed-type birefringence at a tem- 
f^ tUre f? ro e f£? nding t0 the ,owest temperature en- 

na ^T ( 8 Q r ?' S Change is in a 8 reement w "h 
partial melting of the y crystals. At 154 °C the tem- 
perature corresponding to the peak of the middle 
endotherm shown in Figure 10. the WAXS diffractogram 
indicates that a small fraction of y crystals still remain 
together with all of the a ones. However, the sign oTthe 
birefringence changes to negative at this temperature 
This change confirms that the a type lamellar crystals 
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spherulites. These crystallites melt sharplylt about 160 
th C e LrogTam. ** temperature " eak in 

rh^m t tiC r S K StUdieS °/ the cr ystallization kinetics from 
,,nT I hC P^orphs should contribute to our 
understanding of the mechanisms involved in their 
formation Consequently, we undertook such studies 
using WAXS and DSC techniques. The total fusion 
process is characterized by a low-melting endotherm 
that is characteristic of the melting of the y crvstalHte^ 

toZ h ltZTu a T ° nC th3t "Wn^maS" 
eac „ tl ™7!? S - mo " itorin 8 the development of 
each of the endothermic peaks as a function of time and 
converting them to heats of fusion, a quantitative kinetic 
studies' 5 made that com P lements th e WAXS 

Wide-angle X-ray scattering patterns were obtained 
in situ of the crystallization of M335K2.35 at 124 5 «C 
as a function of time. This polymer has the highest 
defect content among the isotactic polyforopylenes) that 
were studied here. The results are given i n F S e 12 
for the indicated crystallization times. Both polymorphs 
are observed at the very onset of the crystallizaTion as 

for ,n i5 ,C m !n d M C Pa r n ° btai , ned af te7crystanSon 
for 15 m n. In the early steps of the crystallization the 
relative .ntensities of the two reflections, characteristic 
or each polymorph, remain essentially constant How- 
ever, after 45 min the reflection characteristic of the y 
rorm increases continuously, while that of the a does 
not change. 

ar^c erm °8 rams for the same polymer, crystallized 
at the same temperature. 124.5 'C. without further 
cooling are shown in Figure 13. Two endotherms are 
observed at the very early stages of the crystallization 

of 65 mL ,nC A?f 6 m Parailel UP 10 3 crystallization time 
ot 65 mm. At longer times the intensity of the higher 
temperature peak remains constant while that of the 
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140 

Temperature (*C) 

Figure 13 DSC melting endotherms of sample M335K2.35 
crystallized at 124.5 "C as a function of crystallization time 
Melting after crystallization up to 190 min was started from 
the crystallization temperature, without previous cooline The 

Sh en m« e Jr i ° btained in 3 Sample ^stallized I in an 
oil bath. Thus, the melting process was started at 37 °C (Note 
that in this plot the melting peaks are displayed facing 
upward, opposite to meltings shown in Figures 2 and 9.) 

low-melting peak continues to increase. From the ther- 
mograms about 80% of the y form develops at this 
crystallization temperature as compared to 83% after 
complete transformation as determined by WAXS A 
comparison of the diffractograms with the thermograms 
(Figures 12 and 13) demonstrates that as the crystal- 
lization progresses, the relative intensities of the reflec- 
tions that correspond to each of the polymorphs corre- 
late very well with the enthalpies of fusion obtained 
from the two endotherms. and thus the two crystalline 
forms. 

The crystallization kinetics of this polymer were also 
studied at temperatures between 117 and 138 °C The 
results are summarized in Figure 14. Here the degrees 
of crystallinity of each of the forms. (1 - obtained 
from the enthalpies of fusion, are plotted against log 
time for each crystallization temperature. 52 Sigmoidal 
type isotherms, which are typical of crystallizing poly- 
mers, are obtained for both polymorphs. The time scale 
that ranges from several minutes to several thousand 
minutes is indicative of a nucleation-controlled pro- 
cess." A major conclusion from these results, made 
quite clear in Figure 14. is that the crystallization of 
both polymorphs begins at the same time, at any given 
temperature. At the very initial stages of the crystal- 
lization, the crystallization rates are the same for both 
polymorphs. A similar conclusion was reached from 
analysis of the WAXS patterns. However, as the crystal- 
lization progresses at constant temperature the a 
crystallinity becomes constant. Eventually, the'concen- 
trations of y crystals given in Figure 6 for the crystalline 
region are reached. The crystallization kinetics of 
polymer M346 K1.00 (not shown), with 1 mol % of chain 
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Figure 14. Sigmoidal variation of the development or a and 
y crys«all,n.t,es. (1 - A), with time for sample M335K2 35 
crystallized at the following temperatures (C i •) 1 17 °C )7 
r) 124 5 -C. (D. ■) 129 -C.fc. a ? 133 °C% *H38 «C Ooen 
symbols, v crystallinity; closed symbols, a crystallinity P 
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Figure 15. Sigmoidal variation of the development of a and 
y crystalhnities (1 - /.). with time for samplT M170K1 70 
crystallized at the indicated temperatures- (C 1 •1120 '? Iv 
13 °;C. a) 136 °C. (□. .) mo -C. Open symbols ; 
crystallinity: closed symbols, a crystallinity svrl1Dols ' V 

defects, shows some similar as well as some significantly 
different characteristics. The crystallization or both 
polymorphs is again initiated at the same time, and the 
initial crystallization rates are also the same. In con- 
trast with the results in Figure 14. however, it Is the y 
content that now levels off and becomes constant while 
the a content continues to increase with time to satisfy 
the higher fractional content or a formed at any tem- 
perature (Figure 6). Thus, this aspect or the crystalliza- 
tion process is just the opposite from that for the 
polymer that contains 2.35 mol % or defects. The reason 
for this behavior resides in the difference in defect 
concentrations between the two polymers and. thus, the 
final relative y content (-40% or the crystals) that this 
polymer develops. 

The crystallization kinetics or polymer M107 Kl 70 
were also studied at temperatures between 120 and 140 
C. The results are given in Figure 15 for four different 
crystallization temperatures: T c = 120 "C below the 
maximum; T = 130 «C. the maximum temperature: and 
/ c - 136 and 140 C. above the maximum. The defect 
concentration or this polymer is intermediate between 
that or the two polymers just discussed. The initial 
crystallization times and rates or the two polymorphs 
are again found to be the same at each crystallization 
temperature. This behavior thus appears to be universal 
for the crystallization of the polymorphs in isotactic 
poly (propylene) . At 1 20 X. both polymorphs crystallize 
very rapidly and at about the same rate over the entire 
transformation. At 130 «C. although the crystallization 
rates for both forms are virtually identical at the early 
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stages of the crystallization, the concentration of the a 
crystals formed from the melt levels off at relative early 
times, while the y continue to crystallize. Thus, increas- 
ing the temperature enhances the material transformed 
to y. However, at the right side of the maximum. 136 
and 140 °C. the situation is reversed. The y content 
levels off to a relatively low concentration, while the a 
crystallizes to a significantly higher level. The kinetic 
data of Figure 15 give further and direct substantiation 
of the maximum observed in Figure 6 for the polymers 
of Table 1. We can also conclude from these kinetic 
studies that the initial crystallization rate from the melt 
is the same for both polymorphs. 

The heat of fusion for each of the polymorphs, as well 
as the total, is plotted in parts a and c of Figure 16 for 
M107 K1.70 and M335 K2.35. respectively. The total 
degree of crystallinity ranges from about 0.40 at 120 
°C to about 0.14 at 140 °C. The fractional content 
obtained for each polymorph at a given temperature can 
be calculated from these data. The heat of fusion at any 
gwen temperature is taken as the value corresponding 
to 1 decade of time in the flat portion of the isotherm 
The independent variation of the heat of fusion at the 
final stages of the transformation for the a and the y 
polymorphs gives the variation with temperature of the 
contents of a and y crystals formed from the original 
melt, i.e.. the variation of the a crystallinity and y 
crystallinity. While the variation of the a crystallinity 
follows the expected trend that has been observed with 
other random copolymers. 54 55 the variation of the y 
crystallinity with temperature goes through a maxi- 
mum, reflecting again that two competing mechanisms 
are involved in the formation of this polymorph The 
ultimate fraction of y crystals that is obtained at each 
crystallization temperature is plotted in Figure 16b d 
for each polymer. Very good agreement is obtained 
between the WAXS and DSC data for the fractional 
content of the y polymorph in the crystalline region. 
Consistent with the WAXS results shown in Figure 6 
the fractional content of y calculated from heat of fusion 
also shows a maximum in the same temperature region 
(Figure 16b.d). These data indicate that, in the interval 
of molecular weights studied here, the relative contents 
of the a and y polymorphs in isotactic poly(propylenes) 
can be estimated from the analysis of the heat of fusion 
of the respective melting peaks. 

Summary and Discussion 

The crystal structure (unit cell) of the y polymorph 
and the condition for its formation bring some special 
features to the study of polymer crystallization. The unit 
cell of this form is unique among polymer crystal 
structures in that the chains are not parallel to one 
another. 6 - 7 The conditions for forming this polymorph 
are also unusual as it depends in a very specific way on 
both the chain microstructure and the crystallization 
temperature. A full understanding of the formation of 
y and its structure involves correlating these apparently 
diverse facts. J 

Central to all considerations is the role of the chain 
microstructure. Figure 6 makes clear that as the defect 
(regio and stereo) concentration increases, the propen- 
sity for y formation is enhanced. One only needs to 
compare the results for the polymer studied by Tho- 
mann et al. 2 * with the one studied here, which contains 
0.40% regio defects. In the former case, the polymer has 
a defect concentration greater than 4.4%, and 100% of 
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Figure 16. (a c) Variation of the independent heat of fusion 
of a type crystals (•) and y crystals (O) as well as the combined 
neat ol fusion as a function of crystallization temperature The 
heats of fusion at a given temperature were taken as the value 
corresponding to 1 decade of time in the flat portion of the 
isotherm, (a) Sample M170K1.70. (c) sample M335K2 35 (b 
d) Variation with crystallization temperature of the calculated 
percentage of y form from the data in (a) and (c). 

the y structure could be developed. In the latter case 
the maximum y concentration that can be formed is 10% 
at best. Extrapolation of these results indicates that only 
very small amounts, if any, of the y form would develop 
in the pure polymer devoid of any defects. In fact 
Thomann et a I. 28 report that only the a polymorph could 
be formed in a sample of isotactic poly (propylene) of M 
- 16 000 g/mol that was devoid of any type of ir- 
regularities in the chain. 
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The experimental requirement for a significant con- 
centration of chain defects, with the concomitant small 
average isotactic sequence length between defects, to 
form an appreciable amount of y results in crystallites 
whose dimensions in the chain direction (thickness) will 
by necessity be small. Thus, only a relatively small 
number of chain units participate in a given y crystal- 
lite. Thomann et al. 28 have estimated that approxi- 
mately 20 monomer units arranged in a 3i helix 
participate in a 40 A thick lamellae. The development 
of lamellar crystallites is thermodynamically favored 
Electron microscopy studies clearly indicate that one of 
the y morphological forms is lamellar-like. 28 However 
for a lamellar structure to evolve, the large flux of chains 
that emanates from the very small crystallite needs to 
be dissipated. 56 Chain folding, of one type or another, 
is one common method by which flux in many crystalline 
chain molecules is dissipated, including the a form of 
isotactic poly (propylene). However, this is not a tenable 
option with extended chains of small isotactic sequences 
The very long sequence length of the attached noncrys- 
tallizable units precludes any significant folding with 
adjacent reentry and probably any significant chain 
folding at all. However, there is another way by which 
the chain flux can be dissipated, so that crystallization 
can proceed with the development of lamellar crystal- 
lites. This involves tilting of the ordered sequences 
within the crystallite. For example, in polyethylene the 
chain flux is reduced by folding (with only a small 
amount of regular folding randomly distributed along 

57M aI P,ane) and a modest amount of chain tilt- 
ing. In the situation under consideration here chain 
tilting is highly favored since the y crystalline form, with 
a particular set of tilted chains in the unit cell, repre- 
sents a low-energy structure. 1 7 The fact that it is 
crystalline indicates that it represents a low-energy 
form. Thus, the formation of the ordered y structure 
with the antiparallel tilted chains, is a natural conse- 
quence of reducing the flux of chains that emanate from 
the 001 plane and accommodating chain defects outside 
the crystal. It has been postulated, without detail that 
the features of the crystal-liquid interphase piay a 
significant role in the formation of y. 59 Other copolymers 
that have similar sequence distribution, i.e., random 
ethylene copolymers with a relatively high comonomer 
content, do not have the advantage of the accessibility 
of a low-energy three-dimensional ordered structure by 
chain tilting. Hence, in these cases after a relatively low 
comonomer content, 3-4%. is added, the crystallites are 
not longer lamellar, although crystallization occurs. 60 61 
There is, therefore, a fundamental reason that the 
formation of the y polymorph is so highly favored by 
isotactic poly(propylene) chains with high concentra- 
tions of structural and chemical irregularities, regio 
units, stereoisomers, and comonomers. These structural 
irregularities generate short crystallizable sequences 
and associated long sequences of noncrystalline units 
that are required to form y. From these considerations 
it is concluded that the thickness of y crystals will be 
restricted and relatively small when compared to the 
other crystal structures of isotactic poly(propylene) as 
well as those in other polymers. 

Another unique situation exists when one wants to 
compare the true thermodynamic stability of the y form 
with other structures, such as the a. Conventionally, 
the thermodynamic properties, particularly the meltine 
temperatures, of very large crystals that are devoid of 
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surface effects are compared for the different structures 
Since large thick y crystals cannot be obtained one is 
presented with a serious dilemma. Since the properties 
of only very small y crystallites can be measured and 
even then over a very small and restricted thickness 
range, extrapolation of melting temperatures, enthalpy 
and entropy of fusion to large sizes, inc ud in an 
infinitely th ck crystallite, involves very large errors 
Pragmatical^ therefore, a comparison of thfthermo 
dynamic stability of the a and y forms can onlv be made 

££3" i I s that have the same - sma11 

Such samples have not as yet been prepared. Even if 
his procedure could be followed, there is concern for 
the contribution of the interfacial free energies associ- 
ated with the basal planes of each polymorph to the free 
energies effusion. With respect to the interphase, chain 
folding mil be minimal with the y crystallite while the 
folding that is required in order to propagate an a tvoe 

enTr^ Wl " inV ° IVe ex P enditur * °^ee 

An estimate can be made, however, of the relative 
stability of the a and y forms. For polymers, in general 
the major contribution to the entropy of fusion is the 
conformational change that occurs on melting * Since 
the ordered chain conformation is the same for both the 
a and y crystals, and the same melt is involved the 
entropy of fusion of the two polymorphs should be close 
to one another. Calculations of the packing energies 
indicate that the y form would be slightly more stable 
than the 66 On the basis of these considerations, one 
can hypothesize that, for the relatively thin crystallites 
of interest, the y form will be slightly more stable than 
the a one. In the fusion processes that have been 
described here the low-temperature endotherm was 
identified with the melting of the y form. This is a 
consequence of the very small thickness of the v as 
compared to the a. r 

A qualitative explanation of the fraction y that is 
formed as a function of temperature, as is illustrated 
m Figure 6. can now be offered. It is based on the chain 
microstructure requirements with temperature The 
salient features that need to be explained are the 
increase in the relative y concentration as the crystal- 
lization temperature is raised initially, the attainment 
of a temperature where the maximum y content is 
reached, and its subsequent decrease with a further 
increase in temperature. The presence of the maximum 
requires that at least two competing mechanisms are 
involved, each with a different temperature coefficient 
The temperatures are considered to be relative to the 
equilibrium melting temperature and thus to the defect 
concentration. Treating the defected chain as a random 
copolymer establishes the sequence distribution It is 
also important to recognize the broad melting ranee 
typical of random copolymers. 55 8 
Central to the problem is the question of how the 
concentration of crystallizable sequences, i.e., those of 
length that equal or exceed the requirement for a 
nucIe .VL of critical si ze. will change with temDera 
ture .54.66 Attention is focused on the dimensions of the 
critical nucleus since nucleation is the primary step in 
he crystallization. This quantity can be calculated for 
the coherent unimolecular deposition on a preexistine 
substrate. 5 ' The result of such a calculation is 
lustrated in Figure 17. Here. £*. the critical number of 
repeating units in a chain direction, is plotted against 
the mole percent of structural irregularities for d liferent 
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Figure 17. Variation of the calculated critical nucleus thick- 
ness 54 as a function of the concentration of chain defects of 
iPP for the indicated crystallization temperatures. In the 
calculation of a coherent Gibbs type nucleus was adapted 
with the following parameters: a e = 81.5 erg/cm 2 . AH U = 19.76 
x 10 s erg/cm 3 , T m ° = 458 K and infinite molecular weight 
chain. 

crystallization temperatures. This particular calculation 
was performed with a en = 4000 cal/mol (81.5 erg/cm 2 ) 
and T m ° = 185 °C. 67 However, the most important factor 
is the change in £* with temperature and composition. 
From the data in Figure 17 we take as an example the 
2.3 mol % defected polymer (M335 K2.35). For this 
polymer, crystallized at 80 °C, isotactic sequences of 16 
repeating units and greater are allowed to participate 
in the crystallization. With such a small lower limit for 
£*, the smaller sequences can crystallize in extended 
form and the larger ones can fold. Consequently, close 
to the optimum level of crystallinity is attained. Under 
these circumstances there is not a sufficient concentra- 
tion of long noncrystallizable sequences to serve as the 
" triggering" mechanism to cause formation of y crystals. 
Thus, only a type crystals will be observed. As the 
crystallization temperature is raised, the £* requirement 
increases so that the very short sequences can no longer 
crystallize. In the remaining grouping of crystallizable 
sequences the shorter ones can still not crystallize by 
folding because the associated noncrystallizable se- 
quences have become too long. Thus, in order for a 
lamellar crystallite to evolve in extended form, from this 
sequence, tilting and y formation will occur. As is 
indicated in Figure 6, as the crystallization temperature 
is initially increased, the concentration of y does in fact 
increase. However, by the same token, as temperature 
increases, the availability of short sequences for crystal- 
lization is being continuously reduced. Thus, there are 
two competing mechanisms that eventually lead to the 
maximum in Figure 6. At sufficiently high tempera- 
tures, above the maximum, only a small amount, if any, 
of y will form due to the higher requirement. Under 
these circumstances, the noncrystallizability of the 
shorter sequences that are required will prevent its 
formation. However, since the a form only crystallizes 
from the longer sequences and the lamellar crystallites 
are propagated by some type of chain folding, they will 
dominate at the higher crystallization temperature. A 
similar description can be given to the data plotted in 
Figure 6 for the other polymers. These arguments are 
consistent with the kinetic studies that were given in 
Figures 14-16 and with the details of the lamellar 
structure. Electron micrographs of sample M335 K2.35 
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crystallized at 124.5 °C are also in agreement with this 
discussion. 68 The crystals developed in this sample are 
83% y and 17% a. The thin section electron micrographs 
show an asymmetric bimodal population of crystallite 
thickness with relative contents similar to the fractional 
content of y and a crystals obtained by WAXS. The 
lamellar thickness of the major population of crystals 
is 60 A. This value agrees closely with the calculated 
value from the average length of isotactic sequences in 
this sample. 69 A. In calculating this value, the length 
of the repeating unit in the caxis (2.17 A) and the 40° 
tilt in y type crystals of the chain axis with the crystal 
surface are considered. The thickness of the minor 
population of lamellae averages 1 10 A. 

In summary, in a consistent, but qualitative, manner 
the unique features of the y polymorph of isotactic poly- 
propylene) can be explained. The explanation is based 
on the confluence of some basic principles. The key 
factors are the requirement of chains whose microstruc- 
ture leads to thin crystallites and the structure of the 
interfacial region that requires tilted ordered chains in 
order for a lamellar crystallite habit to develop. 
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ABSTRACT : A random copolymer of propylene with 3.5 mol% ethylene comonomcr is firstly fractionated by tem- 
perature rising elution fractionation (TREF). Techniques including ,3 C nuclear magnetic resonance (NMR) spectroscopy, 
Fourier transform infrared spectroscopy (FT-IR), gel-permeation chromatography (GPC). crystallization analysis frac- 
tionation. {Crystal) and differential scanning calorimctry (DSC) are used to characterize the obtained fraction polymers. 
The results show that each fraction polymer is composed mainly of isotactic propylene sequence plus a smell amount of 
ethylene comonomer and has uniform molecular weight and ethylene content: The PPP, PPE, and PEP are main part of 
triad sequence unit As the elution temperature increasing, ethylene content of the fraction polymers decreases, number 
average molecular weight increases, and meanwhile number average sequence length of propylene. n>, increases, while 
that of ethylene, n E , decreases, close to I . The results show that ethylene content affects linearly the melting temperature 
(T„) in a range of ethylene content being as low as less than 10.23 mol%; there is a linear relationship between the recip* 
rocal melting temperature ( KXQ/T a , K" 1 ) and reciprocal number average molecular weight (A*; 1 ) in a range of number 
average molecular weight as low as less than 1.7 x 10 3 . 

KEY WORDS Elution Temperature / Ethylene Content 1/K / Melting Temperature / Number 

Average Molecular Weight/ Sequence Length / Tacticity / Temperature Rising Elution Fractionation 

(TREF)/ 



Polypropylene is a common semi-crystalline syn- 
thetic polymer, and its macromolecular chain structure 
is an important factor to affect such properties of propy- 
lene polymers as crystallization behavior, morpholo- 
gies, melting temperature, degree of crystallization, 
toughness, and theological and optical properties. By 
the way of introducing some cornonomers (e.g., ethy- 
lene) into its macromolecular chain, the performance 
of propylene polymers can be improved purposefully 
and effectively. Because propylene tacticity and ethy- 
lene comonomer complicate the macromolecular chain 
structure, and can farther lead to complex crystalliza- 
tion behaviors and morphologies, it is very important to 
firstly characterize the macromolecular chain structure 
well. In order to investigate thoroughly the relationship 
between performance and macromolecular chain struc- 
ture, it is necessary to make samples uniform. Temper- 
ature rising elution fractionation (TREF) 1 ^ 15 has been 
shown to be a powerful technique to make crystal poly- 
olefins uniform on the basis of their crystal lizability and 
molecular weight. Through TREF experiments, a set 
of fraction polymers with uniform molecular weight 
and content of ethylene comonomer can be obtained: 
hereafter crystallization analysis fractionation (Crystaf) 
will be used to check the effect of fractionation by an- 
alyzing such parameters as <r and /?, 16 which can de- 



fine the broadness of the crystallization temperature 
distribution of the fraction polymers. 16 " 22 Up to now 
most samples of propylene copolymers on investiga- 
tion are the impact propylene-ethylene copolymers, a 
very complex blend. Even though after they have been 
fractionated by TREF, 3 " 11 each fraction polymer also 
consists of PE, PP, propylene-ethylene copolymer and 
so on, so it is difficult to make sure the relationship 
among performance, macromolecular chain structure 
and elution temperature. However the corresponding 
random -copolymers of propylene are not blends, but 
has received much less attention, and our knowledge 
of the topic is very limited. 23 - 24 Brull et alP era 
made a study on propylene-ethylene random copoly- 
mers, in which the samples, with comonomer content 
as low as less than 3.5 mol%, are obtained by polymer- 
ization. The cornonomers are considered as defects in 
propylene long chains, so relationships between melt- 
ing temperature and content of die cornonomers are de- 
termined, but the effect of molecular weight on melting 
temperature is ignored, 

The aim of the present study is to first characterize 
the macromolecular chain structure of uniform propy- 
lene polymers, including ethylene content, number 
average molecular weight, number average sequence 
length, tacticity and so on. then to study a rclatioo 
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Table L Quality specifications of the samples 



Li 



g mol" 



mot% 



PERC 144.0 98.3 56703 4.76 65-5 63.1 3.8 9.9 3.5 



PHP 



163.4 114.0 70662 3.67 80.6 79.4 1.4 6.4 



ship between melting temperature (elution tempera- 
ture considered as melting temperature in solution) and 
macromolecular chain structure. In a typical experi- 
ment, a copolymer of propylene with 3.5 mol% of ethy- 
lene comonomer is first fractionated by using a prepar- 
ative TREF. Then the fraction polymers are character- 
ized by ,3 C nuclear magnetic resonance (NMR) spec- 
troscopy; Fourier transform infrared spectroscopy (FT- 
IR\ gel-permeation chromatography (GPC) t crystal- 
lization analysis fractionation (Crystaf) and differential 
scanning calorimetry (DSC). Finally, the relationships 
between melting temperature and ethylene content & 
number average molecular weight will be discussed. 

EXPERIMENTAL 

Materials 

The samples used in this study are a commercial 
copolymer of propylene with a small amount of ethy- 
lene comonomer (PERC) and a commercial propylene 
homopolymer (PHP) initiated with Z-N Ti-catalyst by 
a liquid phase bulk polymerization process. The prod- 
uct quality specifications are listed in Table L Before 
being used, the polypropylene homopolymer is treated 
with n-heptane for more than 10 h to extract and re- 
move the low stereoregular and small molecular weight 
polymer. The propylene-ethylene random copolymer 
is fractionated by TREF to obtain a set of fraction poly- 
mers. In the Table I, T w is the weight average crystal- 
lization temperature; 7 n is the number average crystal- 
lization temperature; cr and R are parameters defining 
the broadness of the crystallization temperature distri- 
bution of the fraction polymers. 16 

Preparative TREF 

A preparative TREF is used to carry out fractiona- 
tion of the propylene-ethylene random copolymer sam- 
ple. The preparative TREF system consists of a jack- 
eted column thermo-stated to ±0.1°C by circulating 
heated oil and a fractionation column with free vol- 
ume of 1240 mL made of a large double-walled glass 
condenser and packed with fine glass beads. About 
15 g of sample is first dissolved in 400 cm 3 of 1,2,4- 
trimethylbenzene at 140°C, and stabilized with the an- 
tioxidant 2,6-di-^-butyl-p-cresol (3g/1000raL). Then 
the solution is transferred into the fractionation column 
from the top end of the column at 140°C In order to 
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make polymer deposit around the glass beads in layers 
step by step on the basis of the crystallizability, it lakes 
more than 70 h for the column to be cooled to room 
temperature. With this process, the most easily crys- 
tallizable polymers precipitate first and deposits on the 
glass beads in the innermost layer. On the contrary, the 
polymers with the least crystallinity precipitate last and 
deposit on the outermost layer. As the column is heated, 
and the elution temperature increases, the polymers on 
the outermost layer is first eluted with 1,2,4-trimethyl 
benzene, and subsequent polymers are collected. While 
increasing the elution temperature stepwise from room 
temperature to 140°C, a set of fraction polymer will be 
obtained. The traction polymers obtained from TREF 
are precipitated into a large excess of acetone at room 
temperature, then filtered and dried in vacuum at 60°C 
to constant weight. 

Crystaf 

Commercial Crystaf equipment. Model 200, manu- 
factured by Polymer Char S.A., is used to check the 
effect of TREF experiment to obtain such parameters 
as (T % R* r w , and T n . 16 Concentrations of 0.1% (w/v) 
are used in this experiment, with 30 mg of samples in 
30 mL of 1,2,4-trichlorobenzene solvent. The crystal- 
lization process is carried out in stirred stainless steel 
reactors of 60 rnL volume where dissolution and fil- 
tration takes place automatically. The whole process 
of temperature changes during the experiments is as 
follows: from room temperature to 160°C at rate of 
30°C nrK after staying for 60min at 160°C, the tem- 
perature decreases to 95°C at rate of 30°C nr 1 , staying 
45 min, then the experiments begin from 95°C to 25°C 
at rate of 0.1°C m" 1 . In order to monitor the concen- 
tration for the samples in solution in situ, an infrared 
detector with a fixed wavelength of 3.5 |im is used to 
detect the intensity of die C-H stretching frequencies 
of methylene and methyl group. As temperature de- 
creases according to the temperature program, the sam- 
ples experience the stepwise crystallization. By moni- 
toring on-line intensity of absorbance peak of the frac- 
tion polymers, the polymer concentration in solution is 
measured in time, which can reveal the crystalline pro- 
cess. 

n C NMR Analysis 
l3 C NMR spectra are measured on a Broker 
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Table g Fractionation of the propylene-ethylene random copolymer 
Fraction ™ " - 



Fl 
F2 
F3 
F4 
F5 
F6 
F7 
F8 
F9 
FIO 
FJI 
F12 
FI3 
F14 
F15 
F16 
FI7 
F18 
F19 



7fi Qx 


jjj.j 




3.57 


3.57 


J* 


JO J. / 


2333 


3.91 


7.48 


O 


OUo.7 


46.82 


4.08 


11.56 






67.01 


4.49 


16.05 






129.6 


8.68 


24.73 


on 


924.2 


184.8 


6.19 


30.92 


7J 


I/O J.y 


356.38 


11.94 


42.86 


Iw 


3350.1 


670 


22.44 


65.3 


1 IV) 


569.4 


284.7 


3.81 


69.11 


105 


1506 


502.1 


10.09 


79.2 


107 


1227.1 


613.55 


8.22 


87.42 


110 


1780.5 


593.5 


11.93 


99.35 


112 


46.9 


23.45 , 


0.31 


99.66 


115 


8.8 


2.67 \ 


0.06 


99.72 


117 


3.7 


1.85 


0.02 


99.74 


120 


3.8 


1.27 


0.03 


99.79 


123 


LI 


0.3 


0.01 


99.80 


140 


10.7 


1.53 


0.07 


99.87 


>140 


20.6 









Weight of sample used: 



14996.8 mg. Total recovery: 14898.9 mg (9935%, 



400 MHz FT NMR spectrometer operating at 1 00 MHz 
on polymer solutions (< 20 wt%) in o-dichlorobenzene 
at 1 10°C the highest single peak of which is considered 
as the reference (132.9 ppm). A program with pulse an- 
gle of 90° is used, matching with 2 s acquisition time 
and 10 s relaxation delay, so as to attain conditions far 
from any saturation but close enough to the maximum 
signal-to-noise ratio. In order to eliminate the NOE, an 
inverse-gate decoupling pulse program is selected, and 
meanwhile proton broad-band decoupling is achieved 
with the walth 16 sequence. Due to the high resonance, 
5000-15000 scans are collected with 64 k points/scan. 
The nomenclature and assignments of the different car- 
bon atoms along the molecular chain adopted for the 
absorption bands in the NMR spectra are those of Car- 
man & Wilkes, Randall and Cheng. 25 " 28 

FT1R 

FT-IR spectra are measured with a Nicolet Fourier 
transform infrared spectrophotometer (MAGNA-IR 
760). The samples are first compression-molded into 
films in 10-l00ujn thick. Then the absorption bands 
are observed and analyzed 

GPC 

A gel-permeation chromatography (GPC, waters, Al- 
liance GPCV 2000), equipped with a polystyrene col- 
umn in the GPC-viscometer module, is used for the 
characterization of the molecular weight and molecular 
weight distribution of the fraction polymers at 140°C 
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The molecular weight obtained is calculated by a stan- 
dard procedure based on the universal calibration curve 
of polystyrene. 

DSC 

DSC measurement is carried out on a DSC-7 from 
Perkin-Elmen In order to ensure an identical ther- 
mal history, the sample is heated from 0°C to 190°C 
at a rate of 10°C min"" 1 and subsequently cooled down 
from 190°C to 0°C at same rate. The maximum of the 
exotherm in the cooling cycle is utilized to determine 
the crystallization temperature, T c , The melting en- 
dothermic changes are recorded while heating the sam- 
ple from 0°C to 190°C at a heating rate of 10°C mbr l , 
and the peak maximum of the second heating cycle is 
used to determine the melting temperature, 7 m . 

RESULT AND DISCUSSION 

Fractionation and Characterization 

TREF. A copolymer of propylene with a small 
amount of ethylene comonomer is fractionated by using 
a preparative TREF as described above, and 18 fraction 
polymers are collected from room temperature (about 
26°C) to I40°C Important data of the fractionation ex- 
periment are summarized in Tfcble H, including elu- 
tion temperature <r e , °C), the weight of fraction poly- 
mers (Wi for the ith fraction), the differential weight to 
temperature (H///A7V), the accumulative weight (LW { ) 
and so on. Figure 1 shows the curves of the accu- 
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Table IIL Characteristics of Fraction Polymers 



Fraction 

No. 


' m 

"C 


7* 

•p 


[Tift 




7V 
• w 

•c 


T„ 

•c 


/? 




r l 


07 Q 


JO.J 


4W707 












p-j 
rj 


i id. n 




J WOO 


j. try j 


J -J .7 


15 6 

JJ.U 


07 






i •5*1 a 


o4.0 








41 ft 


A7 

u. / 




F5 


132.2 


92.6 


52243 


3.705 


52.1 


51.7 


0.8 


4.4 


F6 


136.9 


95.5 


60542 


3.273 


56.8 


56.3 


0.9 


5.1 


F7 


141.9 


100.0 


87164 


2.850 


59.1 


58.4 


1:1 


6.0 


F8 


146.2 


102.5 


105040 


2.795 


63.2 


62,5 


1.0 


5.8 


F9 


147.7 


105.6 


101 123 


2.928 


67.6 


67.4 


0.4 


3.5 


F10 


150.5 


105.5 


126632 


2.705 


69.6 


69.1 


0.7 


4.4 


Fll 


150.5 


107.1 


151702 


2.643 


71.8 


71.7 


0.1 


2.8 


F12 


152.7 


107.3 


169953 


2.645 


73.8 


74.1 


-0.4 


2.0 



600 




Elution Temperature (V ) 

Figure 1. Tbe curves of temperature rising elution fractiona- 
tion for the propylene-ethylene random copolymer. The weight of 
the fraction polymers as a function of the elution temperature CO 
(a) the differential weight to temperature, WJ&Ti (mg tt C~'), (b) 
accumulative weight, £ W s (%). 

mulative weight and the differential weight to temper- 
ature against elution temperature. From the curve of 
the differential weight to temperature, W//A7* (i against 
temperature, we can observe two peaks at 95- 100° C 
and 105-107°C, respectively, implying the fractiona- 
tion process is complicated. The curve of accumula- 
tive weight indicates that at elution temperatures below 
85°C or above 1 10°C, the weight of each fraction poly- 
mer is low, though most fractions occur over a narrow 
temperature region, 85-1 10°C, suggesting that macro- 
molecular chain structure of the copolymer is uniform. 
The curves of accumulative weight appears nearly a 
straight line in a range from 85°C to 1 10°C. 

Crystaf 

Through Crystaf experiment, the effect of fractiona- 
tion by TREF can be checked up. Table III summarizes 
the characteristics of the fraction polymers. Figure 2 
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Figure 2. The concentration in soliticm determined by Crystaf 
of the fraction polymers as a function of the temperature. 




Figure & 1 } C NMR spectra of fraction polymers. 



shows the curves of the crystallization temperature dis- 
tribution from the Crystaf experiment In the exper- 
iment, the concentration of the corresponding fraction 
polymers in solution is determined as a function of tem- 
perature. By analyzing such parameters put forward 
by B. Monrabal as T w> T ni R f and <r f 16 the uniform of . 
crystallization temperature distribution of the fraction 
polymers can be characterized. The results indicate that 
the broadness of the crystallization temperature distri- 
bution of the fraction polymers becomes narrower than 
that of rude samples, and the fraction polymers at low 
or high elution temperature have narrower distribution 
than at middle area of elution temperature, showing that 
the effect of fractionation is good 
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Table IV. Chemical shifts and intensities for the carbon atom in propylene-ethylene copolymer in '*C NMR 



Chemical shift Peak intensity(%) 





ppm 


F2 


F3 


F4 


F5 


F6 


F7 


F8 


FIO 


F! 1 


F12 




46.5 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


1000 


Say 


37.9 


207.3 


148.8 


123.8 


97.3 


85 


68.4 


59.5 


44.2 


42.2 


35.7 


S U 6 


37.5 


23.5 


12.0 


5.9 


3.4 


1.1 












S$6 


27.2 


23.5 


12.0 


5.9 


3.4 


1.1 














30.4 


2.4 


0.9 


















Sht> 


30.0 


0.4 




















Tpp 


28.98 


918.7 


931.8 


958.3 


957.7 


978.7 


988.2 


988.1 


992.6 


995J 


1010.6 




30.99 


217.8 


164.2 


136.4 


102.1 


90.6 


123 


61.1 


45.3 


44.0 


37.2 




33.27 


11.4 


4.5 



















Table V, Sequence distributions of the fraction polymers 





F2 


F3 


F4 


F5 


F6 


F7 


F8 


F10 


Fit 


F12 


ppp 


71.91 


78.49 


82.43 


86.14 


88.03 


90.27 


91.58 


93.64 


93.86 


94.83 


PPE 


17.05 


13.83 


n.73 


9.18 


8.15 


6.60 


5.66 


4.27 


4.15 


3.49 


EPE 


0.89 


0.38 


0 


0 


0 


0 


0 


0 


0 


0 


PEP 


8.U 


6.27 


5.32 


4.38 


3.82 


3.12 


2.76 


2.08 


1.99 


1.68 


EEP 


1.84 


1.03 


0.51 


0.31 


0 


0 


0 


0 


0 


0 


EEE 


0.19 


0 


0 


0 


0 


0 


0 


0 


0 


0 


PP 


80.48 


85.70 


88.29 


90.71 


92.17 


93.60 


94.35 


95,77 


95.95 


96.55 


PE 


18.57 


13.78 


11.45 


9.14 


7.83 


6.40 


5.65 


4.23 


4.05 


3.45 


EE 


0.95 


0.51 


0.26 


0.15 


0 


0 


0 


0 


0 


0 


P 


89.76 


92.59 


94.01 


95.28 


96.08 


96.80 


97.17 


97.88 


97.98 


98.28 


E 


10.23 


7.41 


5.99 


4.72 


3.92 


3.20 


2.83 


2.12 


2,02 


1.72 


tionships: 26 - 27 



13 C NMR 

Figure 3 is the ,3 C NMR spectra of fraction poly- 
mers. Here each spectrum relates to the fraction poly- 
mer with certain ethylene content, and they are po- 
sitioned from F2-F12 according to ethylene content. 
The peaks of 13 C NMR spectra are assigned accord- 
ing to the methods of Carman & Wilkes, 25 Randall 26 - 27 
and Cheng 2S and Table IV lists the assignment of the 
important peaks, chemical shifts and intensity of each 
carbon atom in the l3 C NMR spectra of the fraction 
polymers. In l3 C NMR spectrum, S ay (37.9 ppm), S Q 6 
(37.5 ppm), and S y6 (30.4 ppm) are thought to relate 
to the following sequence structure, (1) only an ethy- 
lene monomer, PEP; (2) more than two-linked ethylene 
monomers, P(E)nP, n £ 2; (3) more than three ethylene 
monomers, P(E)/*P, m £ 3, respectively. The results 
show that with elution temperature increasing, peaks 
of S OY . S a 6 and S Y * decreases, implying the ethylene 
content decreases. As elution temperature increases 
beyond 75°C and 90°C, the Sy* and S a 6 peak vanish 
one by one, suggesting that the sequence structure of 
P(E)nP, n Z 2 begin not to exist in the macromolecu- 
lar chains at higher elution temperature. In addition, as 
seen from the experiment, S a b is much more than and 
S^, suggesting PEEP is majority in P(E)/iP. The dyad 
sequence distribution of the copolymers is determined 
from the methylene peaks by using the following rela- 
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PP = S ao (I) 
EP = S OY + S a6 (2) 
EE = (S QO +S 6o )/2 + S yo /4 (3) 

The triad sequence distribution will be analyzed from 
both methine and methylene absorptions peaks, using: 



PPP - Tbr 

PPE = Tb6 

EPE = T 66 

PEP = S 6fl = S ay /2 

EEP = S ab = S B6 

EEE = S c &/2 + S^/4 



(4) 
(5) 
(6) 
(7) 
(8) 
(9) 



From the dyad sequence distributions, the ethylene con- 
tent can be calculated as follows: 



P = PP + PE/2 
E = EE+PE/2 



(10) 
(11) 



Table V summarizes sequence distribution of the frac- 
tion polymers. As can be seen from Table V, in macro- 
molecular chains, PPP holds the majority of the se- 
quence units, varying from 71.9 to 94.8 mol%. The 
number average sequence length of the fraction poly- 
mers is derived from the following relationship: 26, 27 
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Table VI. Number average sequence length of the fraction polymers 





F2 


F3 


F4 


F5 


F6 


F7 


F8 


F10 


FIL 


F12 


ftp 


9.7 
1.10 


13.4 
1.07 


16.4 
t.04 


20.8 
1.03 


24.6 
1 


30.3 
1 


34.7 
1 


46.3 
I 


48.4 
I 


57.0 
1 



_ [PP] + +[PE] 
_ [EE)+j[PE] 



(12) 



(13) 



where np and He are the number average sequence 
lengths of monomer P and E, respectively. The number 
average sequences length, Hp and H^, are tabulated in 
Table VI. As shown in Figure 3, Table V, and Table VI, 
during TREF process, with elution temperature increas- 
ing from 52°C to 1 10°C, ethylene content in fraction 
polymers is gradually reduced, and number average se- 
quence length of propylene, Hp, becomes longer and 
longer, however that of ethylene, H E , decreases. When 
elution temperature in the range from 52°C to 85°C, 
the ethylene content are more than 4.72 mol%, the he 
is more than 1 and the small peak of S a 6 can appear at 
37.5 ppm, implying that a very small amount of more 
than one ethylene units, like EE, exist in macromolec- 
ular chains (F2, F3, F4, and F5). For example, when 
elution temperature is as low as 52°C, i.e., ethylene 
content (F2) in about 10.23 mol%, number average se- 
quence length of propylene polymer, Hp, is only 9.7, 
however that of ethylene, He, is LI, in addition, the 
intensity of the S 0 & peak at 30.0 ppm is 0.4, imply- 
ing that in F2 fraction polymers there exists a very 
small amount of three or more ethylene monomers- 
linked units, like short block ethylene units EEE. The 
weight of the partial fractions from F2 to F5 is as low 
as less than 25 wt%. As elution temperature increases 
from 90°C to 1 10°C, Lt M ethylene content decreases 
from 3.92 to 1.72 moi%, H P becomes longer and longer, 
but He is close to 1, suggesting that it becomes almost 
improbable that two ethylene comonomers are succes- 
sively inserted into a macromolecular chain simultane- 
ously, namely, there is only single E in a macromolec- 
ular chain, not EE and EEE sequence. For example. Hp 
and H E of F12 are 57 and 1 , respectively, and the peak of 
Sao at 37 J ppm no longer appears. At elution tempera- 
ture above 1 10°C, the weight of fraction polymers with 
ethylene content as low as less than 1.72 mol% is less 
than 1 wt%. From above-mentioned analysis, a conclu- 
sion can be drawn that most (more than 75 wt%) of the 
random copolymer can been fractionated in a range of 
ethylene content from 1 .72 to 3.92 mol%; and the triad 
of PPP, PPE, and PEP are predominately preserved. 

Since propylene tacticity complicates the molecular 
microstnicture, it is necessary to assign and scrutinize 
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38.0 37.5 ppm 

Figure 4. Expanded plots of the S ay and S a * region. 

some peaks that can reflect information on tacticity of 
propylene segment. Figure 4 indicates fine assignment 
of some peaks of the fraction polymers, including S oy , 
S ad . According to Randall and Cheng, 2 *"" 28 the S aY re- 
flects sequence structure of the PEP, namely, only an 
ethylene monomer between two propylene monomers, 
and the experiment suggests that this kind of sequence 
structure occupies the majority of the macromolec- 
ular chains; S a 6 reflects sequence structure of the 
P(E)nP, n g 2, namely, more than two-linked ethylene 
monomers between two propylene monomers. Figure 4 
shows Say consists of two main peaks: la and lb, 
which can be assigned to molecular sequence structure 
of the PPPEP(mir 2 ) and PPPEP (m]m2), respectively. 
The spectrum reveals that the PPPEP (mi m 2 ) occupies 
most part of the PEP, more than 90 wr%, implying that 
isotacticity sequence of propylene segment is very high, 
and the distribution of ethylene comonomer in macro- 
molecular chains is almost uniform too. The lc and Id 
included in S a & can be assigned to EPEEP and PPEEP, 
respectively. The results indicate that PPEEP (m) is 
most sequence unit. From Figures 3 and 4, we can find 
that with elution temperature increasing, isotacticity of 
propylene segment becomes higher and higher, and the 
distribution of ethylene comonomer in macromolecular 
chains becomes more and more uniform. 

If the ethylene comonomer and racemic structure 
of propylene sequence are thought to be the attribu- 
tion to the destruction of tacticity of propylene poly- 
mer, the peaks of methyl from 18 to 23 ppm in Fig- 
ure 5 must be considered. According to Randall and 
Cheng, 26-28 the peaks of 2a, 2b, 2c, and 2d ore assigned 
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2a 



12.0 21.0 20. 5 20.0 ppra 

Figure 6- Expanded plots of the methyl region. 

to PPPPP (mmmm), PPPPE (mmm) + PPPPP (mmmrX 
PPE (m) + PPP(mr), EPE + PPP(rr), respectively. As 
seen from Figures 3 and 5, the PPPPP (mmmm) is the 
most probable sequence unit of fraction polymers, sug- 
gesting that the fraction polymer is a copolymer with 
high isotactic propylene sequence plus a small amount 
of ethylene comonomer. So we can conclude that with 
elution temperature increasing, the tacticity of propy- 
lene sequence becomes higher and higher. 

FT-IR 

The above-mentioned conclusion is also supported 
by FT-IR experiments. According to Rudin and 
Bucci, 2 ^ 31 the absorption peak at 733 cm* 1 in Fig- 
ure 6 can be assigned to the -(CH2)„-, n = 3, but 
the absorption peak at 722 cm" 1 , which can reflect the 
structure of -(CH2),,- n > 3, do not appear, imply- 
ing that the amount of the long chain ethylene is too 
small to be detected distinctly. In other words, the 
ethylene comonomer incorporated in macromolecular 
chains is mainly isolated, and there is hardly a group 
of two or more ethylene monomers in the propylene 
macromolecular chains. The conclusion from FT-IR is 
identical to that by NMR. In addition, the experiment 
also reveals that with eluting temperature increasing 
from environment temperature to 110°C, the intensity 
of absorption peak at 733 cnT 1 of IR spectra of frac- 
tion polymers becomes smaller and narrower, showing 
that the ethylene content in fraction polymers gradually 
decreases. 

Melting and Crystallization Behavior 

For copolymers of propylene with a small amount of 
ethylene comonomer, the macromolecular chain length 
and the ethylene content are considered to be the impor- 
tant factors to affect the melting and crystallization be- 
havior of copolymers. The melting temperature of the 
fraction polymers from solution can be obtained from 
TREF, T m and the melting temperature of fraction 
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Figure 6. FT-IR spectra of the fraction polymers of the 
Propylene-ethylene random copolymers. 
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Figure 7, DSC endothermal curves (2nd heating cycle) of the 
fraction polymers of the propylene-ethylene random copolymer. 
Heating rate at KFC min" 1 . 

polymers & the propylene homopolymer from bulk will 
be recorded from DSC experiments. All DSC endotber- 
mic curves are put in Figure 7. Here DSC curves are po- 
sitioned according to ethylene content The maximum 
of the endothermic peak is recorded as the melting tem- 
perature, 7V In order to ensure an identical thermal 
history of the investigated fraction polymers, only the 
melting temperatures obtained during a second heating 
cycle are considered. 

On the basts of Floiy's theory, in the propylene- 
ethylene random copolymer, propylene chains is con- 
sidered as a long crystallizable chain, however ethy- 
lene as no crystallizable comonomer, i.e., they will be 
excluded from the polypropylene crystal lattice as 6c- 
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Bhyfcne Content, moLH 

Figure 8, Melting temperature of the propylene-ethylene ran- 
dom copolymer, as a funcion of ethylene content (mol%). a; Melt- 
ing Temperature in bulk [T mt C C) determined by DSC. b: Melting 
Temperature in solution (T ro *Q determined by TREE 

fects. 23 According to Benjamin Monrabal 16 and Robert 
Brull, 23 the Flory eq 14 32 can be simplified to eq 15, 
which reveals a relationship between melting tempera- 
ture and content of comonomer, by assuming that the 
melting temperature of the copolymer, r m , is close to 
that of the propylene homopolymer, 7£, hence, T m x 

7^ * (Tm) 2 . and ** s0 * at * constant in the con " 
sidered crystallization temperature range. A straight- 
line relationship between T m and comonomer content 
is obtained, which is good fit in a range of content of 
comonomer less than 3.5mol%. 23 Figure 8 shows the 
curves of the melting temperature of copolymer as a 
function of ethylene content according to eq 15. In Fig- 
ure 5, line a is for the melting temperature from bulk by 
DSC, and line b is for melting temperature from solu- 
tion by TREE 

1 1 ~*-Lnp (14) 



m AH, E 



(15) 



On the other hand, macromolecular chain length is also 
an important factor to affect the melting and crystal- 
lization behavior of polymer. For copolymer of propy- 
lene plus a small amount of ethylene comonomer, when 
ethylene content is less than 10.23 mol%, the macro- 
molecular chain of the copolymer is considered identi- 
cal to that of propylene homopolymen Therefore, an* 
other application of Flory's theory is shown as eq 16, 33 
which relates to melting temperature, T mt with number 
average molecular weight. In eq 16, i is the number av- 
erage degree of polymerization. When number average 
degree of polymerization, f\ is transformed to number 
average molecular weight, M„, the eq 16 will be re- 
placed by eq 17. 

1 1 2* t n ,, 
X r (16) 
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Figure 9. Reciprocal melting temperature, UT m , ( 1/K) vs. re- 
ciprocal number average molecular weight of the fraction polymers 
(1/M a ). a: Melting Temperature in bulk (T m , K) determined by 
DSC. b: Melting Temperature in solution (T K{>0 i), K) determined 
byTREF. 

_L.J. = 2J^ X _L (17) 

Figure 9 indicates the effect of number average molec- 
ular weight on melting temperature. A linear relation- 
ship exists between the reciprocal melting temperature 
(100G/7\ K~ l ) and reciprocal number average molecu- 
lar weight (Af~ *) in a range of number average molec- 
ular weight of less than 1.7 x 10 5 , which is in good 
agreement with the Flory's theory. 33 According to the 
experiment, with the number average molecular weight 
{M n ) increasing, the melting temperatures, from both 
solution, 7 m <joi) and from bulk, T mt decreases. Within 
the range of ethylene content less than 10.23 mol%, the 
melting temperature, T mi is dependant on the molecular 
chain length, even though the number average molecu- 
lar weight is very large nearly to 1.7 X 10 5 . In Figure 9, 
the line a and line b have same meaning to that in Fig- 
ure 8. 

As seen from Tables III, Figures 8 and 9, when 
number average molecular weight of the polymers in- 
creases, but the ethylene content and the poly-dispersity 
(Afw/Afn) of molecular weight decreases, the melting 
temperature increases. In other words, the larger the 
number average molecular weight, the smaller the ethy- 
lene content, and the narrower the poly-dispersity, die 
higher the melting temperature of polymer is. When 
polymer has higher ethylene content, the regularization 
of macromolecular chains is poor, so it is easy to melt 
at lower temperature (F2, F3, F4, and F5), even though 
those polymers with higher molecular weight There- 
fore, at least two kinds of macromolecular chains have 
lower melting temperature, that is, the macromolecu- 
lar chains with low molecular weight and those with 
high ethylene content. As number average molecular 
weight of the polymers becomes larger, and ethylene 
content and poly-dispersity (Af^/M*) of fraction poly- 
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mers decreases, regularization of the macromolecular 
chains becomes higher, so the melting temperature of 
polymer is higher. Therefore we may conclude that 
only the macromolecular chains with both high molec- 
ular weight and low ethylene content have high melting 
temperature, that is, the better the regulation of macro- 
molecule, the higher the melting temperature. For ex- 
ample, ethylene content and A/ w /A/ n of Fl I with high 
melting temperature are only 2mol% and 2.6, respec- 
tively, and its number average molecular weight is also 
beyond 1.5 x 10 5 . The broadness of crystalline temper- 
ature distribution of fraction polymers is also impor- 
tant parameter charactering for crystalline polymers. 
As shown in Table Til, in the range from 85 to 100°C, 
the fraction polymers has laige <r, this is because the 
crystalline mechanism and morphologies are compli- 
cated enough to widen the distribution of crystalline 
temperature of fraction polymers. With regularization 
of the macromolecular chain increasing, cr of the frac- 
tion polymers decreases, for example, that of F12 is 
even unexpectedly negative, suggesting that the frac- 
tion polymer is uniform very much. 

CONCLUSIONS 

A set of fraction polymers with uniform molecular 
weight and ethylene content can be obtained by us- 
ing a preparative TREE Each fraction polymer is com- 
posed of mainly isotactic propylene sequence plus a 
small amount of ethylene comonomer. Macromolec- 
ular chains with high ethylene content or that of low 
molecular weight have low melting temperature, how- 
ever the macromolecular chains with both high molec- 
ular weight and low ethylene content have high melt- 
ing temperature. Distribution of ethylene monomers in 
a macromolecular chain is uniform, and the propylene 
sequence had high tacticity. Ethylene content affects 
linearly the melting temperature in a range of ethylene 
content as low as less than 10.23 mol%; and there is a 
linear relationship between the reciprocal melting tem- 
perature (1000/T m , K" 1 ) and reciprocal number aver- 
age molecular weight in a range of number average 
molecular weight ( Af ' 1 ) less than 1 .7 x 1 0 3 . 
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Abstract 

Medium to high molar mass isotactic polypropenes with different amounts of stereoirregularities were characterised with respect to their 
crystallisation behaviour and for comparison a random copolymer of ethene and propene with 5.8 wt% ethene is used. The influence of 
stereoregularity and crystallisation temperature on the 7-content of the crystallised samples is studied by means of wide angle X-ray 
scattering, atomic force microscopy and light microscopy. The paper deals also with the temperature rising elution fractionation of an i- 
PP with large amounts of stereoirregularities and the influence of a nucleation agent on the 7-content. It is shown that effects which render the 
chainfolding in lamellae more difficult, enhance the formation of the 7-modification. The necessity of chainfolding in isotactic polypropene 
is discussed in terms of a model that is based on the number of chains that emerge from the lamellae surfaces of the a- and the 7-modification, 
respectively, © 2001 Elsevier Science Ltd. All rights reserved. 

Keywords: Isotactic polypropene; Gamma phase; Crystallisation 



1. Introduction 

The crystallisation behaviour of isotactic polypropene (i- 
PP) is very complex. Different crystal modifications are 
known (a, P, 7 and smectic) [1-7]. Calculations of the 
packing energies of 7- and a-modifications suggest that 
the 7-modification is slightly more stable than the a-modi- 
fication [8,9]. The orthorhombic unit cell of the 7-modifica- 
tion is formed by bilayers composed of two parallel helices 
[10,1 1]. The direction of the chain-axis in adjacent bilayers 
is tilted at an angle of 80° [10-12]. At atmospheric pressure 
the 7-modification is observed as a minor constituent [2,13]. 
Its content is enhanced when i-PP is crystallised at elevated 
pressures [14,15], or in low molar mass samples (between 
1000 and 3000 g/mol) [16-19]. Also random copolymers of 
propene with 2.5-20 wt% of other 1-olefins may crystallise 
preferably in the 7-modification [20-25]. In a previous 
paper we were able to show that i-PP with stereoirregula- 
rities tends to crystallise in the 7-modification [26]. 
Recently Almao et al. published a detailed work about 
structural and kinetic factors governing the formation of 
the 7-modification [27]. 
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In this paper i-PPs with different amounts of stereoirre- 
gularities are compared. The influence of stereoirregulari- 
ties and crystallisation temperature on the 7-content is 
studied by means of wide angle X-ray scattering (WAXS), 
atomic force microscopy (AFM), and light microscopy. One 
sample is fractionated using a temperature rising elution 
fractionation (TREF) apparatus. The influence of a nuclea- 
tion agent (NA) on the 7-content is studied for a random 
copolymer of propene and ethene with 5.8 wt% ethene (P(P- 
co-E)). A model based on the differences in the number of 
chains that emerge from the lamellae of a- and 7-modifica- 
tion is used for the explanation of the competition during the 
crystal growth of the two modifications. 



2. Experimental 

2,1. Materials 

The i-PP samples under investigation were synthesised 
using catalyst systems Me 2 Si(Benz[e]Ind) 2 -ZrCl 2 /MAO 
(PP 1 /PP3) and Si0 2 /MAO/Me 2 Si(2-Me-Benz[e]Ind) 2 - 
ZrCl 2 (PP2/PP4), respectively. All characteristic polymer 
data are given in Table 1. The molar mass data were 
obtained by size exclusion chromatography (SEC) of the 
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Table 1 
Polymer data 



Polymer 


Af 0 (g/mo!) 


MJM Q 


2,1 -Insertion (%) 


Mrrm-pen 


tads (%) 


^Defects (%) 




Catalyst b 


PP1 


51 000 


2.1 


0.4 


0.7 




1.18 


84.6 


BI 


PP2 


117 000 


2.7 


0.6 


1.1 




1.74 


57.6 


Si-BI 


PP3 


22 000 


1.9 


0.9 


1.4 




2.49 


40.2 


BI 


PP4 


117 000 


2.2 


1.0 


1.2 




2.24 


44.7 


Si-BI 


P(P-co-E) 


54 000 


4.3 


Comonomer content: 5.8 wt% 











■ Catalyst: BI = Me2Si(Benz[e]Ind)2-ZrCl 2 /MAO; Si-BI: Si02/MAO/Me2Si(2-Me-Benz[e]Ind)2-ZrCl 2 . 

b "iso - JV0 + P*(Wmtm + W 2.l)l 



i-PP samples or P(P-co-E) dissolved in 1 ,2,4-trichloroben- 
zene at 140°C. An IR detector is used and the calibration is 
done with narrow molar mass i-PP samples characterised by 
light scattering. P(P-a?-E) is a technical propene/ethene 
copolymer (Novolen MC 3300/BASG AG) with an ethene 
content of 5.8 wt%. 

As a NA, bis(/7-ethylbenzylidene)sorbitol (commercial 
name: NC-4) was used. It was kindly supplied by Mitsui 
Toatsu Chemicals, Japan. The melting point of bis(p-ethyl- 
benzylidene)sorbitol is 235°C. 

2.2. Sample preparation 

The samples used to study the crystalline morphology by 
light microscopy were produced by melting the powder of 
the as-prepared and dried polymer between two cover 
glasses. The layer thickness between the glasses was 
about 30-50 \im. The samples were held for lOmin at 
180°C and then quenched to the crystallisation temperature. 
The samples used to study the influence of the NA were 
prepared by extrusion of P(P-co-E) and 1 wt% NA using 
the twin-screw extruder ZSK25 (Werner and Pfleiderer) at 




T C TC 

Fig. 1. Content of the -/-modification as a function of the crystallisation 
. temperature for PP1, PP2, PP3 and PP4. 



processing temperatures between 190 and 230°C. Tensile 
test specimens were injection moulded using a Ferromatic 
Milacron K40-DE. From these specimens, pieces were cut 
and prepared for crystallisation experiments. 

2.3. Light microscopy 

The light microscopic investigations were carried out 
with an Olympus- Vanox AH2 microscope and a Linkam 
TMS 90 hot stage that allows observation during isothermal 
crystallisation. 

2.4. Atomic force microscopy 

The prepared films were etched to remove amorphous 
material from the surface. The etching reagent was prepared 
by stirring 0.02 g potassium permanganate in a mixture of 
4 ml sulphuric acid (95-97%) and 10 g orthophosphoric 
acid. The 30-50 jxm thick films were immersed in the 
fresh etching reagent at room temperature and held there 
for 1 h. In the beginning the samples were held in an ultra- 
sonic bath for 30 min. For subsequent washings, a mixture 
of 2 parts by volume of concentrated sulphuric acid and 7 
parts of water was prepared and cooled to near the freezing 
point with dry ice in isopropanol. The samples were washed 
successively with 30% aqueous hydrogen peroxide (to 
remove any manganese dioxide present). Then the samples 
were washed with distilled water. Each washing was 
supported with an ultrasonic bath. The AFM experiments 
were carried out with a 'Nanoscope HP scanning probe 
microscope (Digital Instruments) at ambient conditions in 
the height- and amplitude- mode. 

2.5. Wide angle X-ray scattering 

Samples for WAXS measurements were isothermally 
crystallised at various temperatures. The measurements 
were carried out with a Siemens D500 apparatus. For the 
measurements CuK^ radiation of a wavelength of A = 
0.154 nm was used. 

2.6. Temperature rising elution fractionation 

TREF was carried out using a preparative TREF 
apparatus. 4 g of PP4 were dissolved in 400 ml xylene 
under N 2 at 100°C and then very slowly and steadily 
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Fig. 2. Content of the ^-modification as a function of the crystallisation 
time for PP4 taken at T c = 140°C (•) and T c = 145°C (•). 

cooled at a rate of 1.8°C/h to 25.9°C. At this tempera- 
ture the sample is precipitated. The precipitate was then 
dissolved by gradually adding fresh solvent and a step- 
wise increase of temperature in intervals of about 12°C. 
For each dissolution step, 400 ml solvent were added. 
After each temperature increase, the solutions were 
collected and taken as further fractions. Six fractions 
were collected. 



3. Results and discussion 

3,1. X-ray measurements 

Fig. 1 shows the amount of the ^-modification in PP1, 
PP2, PP3 and PP4 as a function of the crystallisation 
temperature. All measurements are taken at room tempera- 
ture after isothermal crystallisation and subsequent quench- 
ing to room temperature. The 7-content X y is calculated 
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Fig. 3. Left: WAXS traces of PP4 isothermally crystallised at 145°C for 
100 h taken at 145°C and after additional cooling to 105°C. Right: WAXS 
trace calculated by subtracting the WAXS traces given on the left. This 
WAXS trace represents the crystallisation behaviour of material that 
crystallises during the cooling process. 



according to Turner Jones [13] from the ratio of the heights 
of the peaks at 2© = 18.8° (130 peak of the a-modification) 
and at 2© = 20.2° (1 17 peak of ^-modification). It can be 
seen that the 7-content increases with increasing crystallisa- 
tion temperatures. Only at very high crystallisation tempera- 
tures the 7-content decreases. The 7-content also depends 
strongly on the amount of stereoirregularities. This beha- 
viour is similar to that of samples published in Ref. [27]. 
For the samples under investigation the 7-content decreases 
with decreasing amount of stereoirregularities. 

Fig. 2 depicts the content of the 7-modification in the PP4 
sample as a function of crystallisation time taken at crystal- 
lisation temperatures of T c = 140°C (•) and T c = 145°C 
(•), respectively. The 7-content is relatively constant, a 
small increase with crystallisation time can be observed. 
The 7-content of the sample crystallised at 145°C is lower 
than the 7-content of the sample crystallised at 140°C. The 
sample crystallised at 140°C reaches a constant 7-content 
and a constant degree of crystallinity after 10 h; the sample 
crystallised at 145°C arrives at a constant 7-content and a 
constant degree of crystallinity after 70 h. The 7-content is 
significantly lower than the values measured after rapid 
cooling of the samples to room temperature as shown in 
Fig. 1. 

WAXS traces of PP4 measured at 145°C after isothermal 
crystallisation at 145°C for 100 h (i.e. after reaching a 
constant degree of crystallinity and a constant content of 
the 7-modification), and the WAXS trace of the same 
sample after additional slow cooling to 105°C can be seen 
in Fig. 3 (left). Upon cooling, the 7-content and the crystal- 
linity increases. Fig. 3 (right) shows a WAXS trace calcu- 
lated by subtracting the WAXS data taken at 145°C from the 
WAXS trace taken at 105°C. The resulting WAXS trace 
shows the crystallisation behaviour of a portion of the 
sample that was unable to crystallise at 145°C. The peak 
at 20 = 20.2° is very intense. The amount of PP4 that crys- 
tallises during this slow cooling process shows about 90% of 
the 7-modification. This indicates that the decrease of the 7- 
content at high crystallisation temperatures is caused by a 
fractionation process. Fractions with high contents of 
stereoirregularities show lower melting temperatures than 
highly stereoregular fractions. These fractions are able to 
form high contents of the 7-modification at relatively high 
crystallisation temperatures above 100°C but they are 
unable to crystallise at 145°C. This fractionation appears 
at temperatures above 125°C. With increasing crystallisa- 
tion temperatures the amount of this non-crystallisable frac- 
tion increases. Quenched to room temperature, the non- 
crystallisable fraction stays amorphous or crystallises in a 
temperature range where the a-modification is preferably 
formed. This leads to a decrease of the 7-content compared 
to samples crystallised at temperatures in the range of 
120°C. Very slow cooling of samples that were isothermally 
crystallised at very high temperatures leads to significant 
higher amounts of the 7-modification compared to 
quenched samples. In these samples, the portion that was 
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Fig. 4. Light micrographs of TREF fractions 1 (left) and 6 (right) isother- 
mally crystallised at 135°C. 



unable to crystallise during the isothermal annealing 
crystallises in a temperature range where it is able to form 
the 7-modification. Under these conditions a decrease of the 
7-content at high crystallisation temperatures is not 
observed. 

3.2. Temperature rising elution fractionation 

To support the results discussed above, TREF was used 
for the fractionation of PP4. TREF is a special fractionation 
technique, developed to characterise semicry stall ine poly- 
mers with respect to their crystallisability. It is especially 
effective to fractionate copolymers according to their como- 
nomer distribution, because of its direct relation to the crys- 
tallisability. The influence of the molar mass on the 
fractionation is usually negligible for molar masses 
>10 000 g/mol [28,29]. As shown above PP4 is composed 
of fractions of different crystallisability. Our TREF experi- 
ments resulted in 6 fractions with different stereoregularities 
determined by ,3 C NMR spectroscopy according to Ref. 
[30]. The number of mmmm-pentads differ from 91% (frac- 
tion 1) to 96% (fraction 6). Thus TREF can be used to 
fractionate i-PP according to a distribution of macromole- 
cules with differences in their stereoregularity. Therefore, it 
is not surprising that the crystallisation behaviour of the 
fractions is different. Isothermally crystallised at 135°C 
and then slowly cooled to room temperature, fraction 1 
yields a 7-content of about 90%, the more stereoregular 
fraction 6 forms under identical conditions only 60% of 
the 7-modification. The behaviour of fraction 1 is hence 
very similar to the portion of PP4 that is found to be non- 
cry stall isable at high crystallisation temperatures (e.g. 
145°C). The influence of the stereoregularity on the super- 
molecular appearance is shown in the light micrographs of 
Fig. 4. The less stereoregular fraction 1 forms bundle like 
structures at a crystallisation temperature of 1 35°C shown in 
Fig. 4a (7-content: 90%). The fraction 6 with the highest 
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Fig. 5. AFM micrograph of a bundle like morphology formed during 
isothermal crystallisation of PP4 at 130°C. 

stereoregularity crystallised under identical conditions 
forms spherulites well-known from the crystallisation of 
i-PP in the a-phase (7-content: 60%). 

3.3. Morphology 

Fig. 5 depicts an AFM micrograph of PP4 isothermally 
crystallised at 130°C. The morphology is different from the 
spherulites formed by the a-modification. PP4 forms at 
elevated temperatures, bundle like morphologies known 
from mixed superstructures of the a- and 7-modification 
in i-PP of relatively low molar mass [26]. 

Fig. 6 shows an AFM micrograph of PP3 isothermally 
crystallised at 125°C, At this magnification the typical trian- 
gular morphology of 7-phase single crystal like entities is 
visible. These single crystal like structures are arranged at 
an angle of 50° to the completely covered underlying lamel- 
lae of the a-modification, forming the superstructure. This 
angle is exactly the angle of the epitaxial ongrowth of the 7- 
modification on lamellae of the a-modifi action that is shown 
schematically on top of the photograph of Fig. 6. 

These morphologies composed of a-lamellae and epitax- 
ial ongrowth of the 7-modification are also observed in PP4 
cooled from the melt at 10°C/min (Fig. 7). The bundle like 
morphology (lower right part of the photograph, marked as 
7) is surrounded by the typical cross-hatched structure 
formed by the a-modification of i-PP (indicated by an 
arrow as a). This is a clear indication that non-isothermal ly 
crystallised samples of i-PP with large amounts of stereo- 
irregularities show a heterogeneous superstructure built up 
by bundle like structures with high contents of the 7-modi- 
fication, and of areas formed by the pure a-modification. 
This heterogeneity might have a influence on the optical and 
mechanical properties of such samples. 
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Fig 6. AFM micrograph of the epitaxial ongrowth of the 7-modification on 
a-lamellae in PP3 isothermally crystallised at 125°C (bottom); scheme of 
the epitaxial ongrowth (top). 

3.4. Nucleation 

It is mentioned above that the amount of the 7-modifica- 
tion depends on the crystallisation temperature. It is well 
known that NAs are able to raise the crystallisation tempera- 
ture of i-PP during the cooling regime from the melt. There- 
fore, nucleation should have a significant influence on the 
amount of the 7-modification formed during non-isothermal 
crystallisation. The content of the 7-modification as a func- 
tion of the cooling rate for P(P-co-E) and P(P-co- 
E) + 1 wt% of NA is shown in Fig. 8. For the very slow 
cooling rate of 0.2°C/min only differences of about 20% in 
the 7-contents between the copolymer with and without N A, 
respectively, are found. For higher cooling rates the 7- 
content stays relatively high for the nucleated sample but 
decreases rapidly for the non-nucleated sample. 

Under isothermal crystallisation conditions no significant 
difference in the 7-content is found between the nucleated 
and the non-nucleated sample (Fig. 9, top). Hence the 
observed higher 7-content is caused by an increase of the 
crystallisation temperature in the nucleated sample and not 
by preferential growth of the 7-modification on the NA. The 
bottom part of Fig. 9 shows DSC traces of P(P-co-E) and 
P(P-co-E) + 1 wt% of NA cooled from the melt at 10°C/ 
min. It is demonstrated that the nucleation is effective in 
order to shift the crystallisation temperatures in a tempera- 
ture range where large amounts of the 7-modification are 
formed. Therefore, it can be concluded that the increase of 
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Fig. 7. AFM micrograph of the heterogeneous morphology found in a PP4 
sample that was cooled from the melt with 10°C/min. Areas are marked as 
a and 7 with respect to the dominating modification. 

the 7-modification in nucleated samples, crystallised under 
non-isothermal conditions, is only caused by an increase of 
the crystallisation temperature and not by a special nuclea- 
tion of the 7-phase. 



4. Model 

It was shown by Almao et al. [27] that kinetic require- 
ments are important for the formation of the 7-modification. 
They discussed the fact that the flux of chains that emanate 
from the 001 plane is reduced in the 7-modification due to the 
arrangement of antiparallel tilted chains, and that therefore 



100 




0 I 1 ■ i ■ 1 » i ■ 1 ■ i ■ 1 ■ 1 ■ 1 

-0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 

Rate rC/min] 

Fig. 8. Content of the 7- modification as a function of the cool rate for 
P(P-co-E) and P(P-co-E) + 1% of NA. 
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Fig. 9. Content of the ^-modification as a function of the crystallisation 
temperature for P(P-co-E) and P(P-co-E) + 1% of NA (top), DSC crystal- 
lisation traces of P(P-co-E) and P(P-co-E) + 1% NA taken upon cooling 
with a rate of 10°C/min. 

the formation of the 7-phase is a natural consequence of 
accommodating chain defects outside the crystal. 

Fig. 10 schemes the different arrangements of helices in 
the a- and the 7-modification. In the a-modification (Fig. 
10a) the helices are arranged perpendicular to the lamellae 
surface. The distance between the chains at the lamella 
surface (d a ) is identical with the chain distance in the lamel- 
lae themselves (d h ). Fig. 10b shows the arrangement of 
helices in the 7-modification. The helices have an angle of 
50° to the lamella surface. In this case the distance of the 
chains at the lamella surface (d y ) is significantly higher than 
the chain distance in the lamellae (d h ), and also higher than 
d a for an identical d h . This reduces the number of chains that 
emerge from the lamellae surface [5.73 chains per nm 2 for 
the a-modification and 4.39 chains per nm 2 for the 7- 
modification]. 

This difference has a remarkable effect on the amorphous 
phase. Fig. 1 1 shows two chains of the same length emer- 
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Fig. 10. The arrangement of helices in lamellae: (a) a-modification; (b) y- 
modification. 
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Fig. 11. Helices that emerge from the lamella surface: (a) helical conforma- 
tion; (b) random walk conformation; (c) lamellae surface with chainfolding. 

ging from a lamella: (a) chains in an elongated helical 
conformation; (b) chains in random coil conformation. In 
the case that all chains of an a-lamella emerge in the elon- 
gated 3 r helical conformation (similar to Fig. 11a), the 
density of the 'amorphous' phase would be 26.46 propene 
units per nm 3 . This density is identical with that of the 
crystalline lamella. If all chains adopt random coil confor- 
mation (similar to Fig. 1 lb), the density would be signifi- 
cantly higher than that of the crystalline lamella. A realistic 
density, lower than that of the crystalline material, cannot be 
achieved when all chains emerge from the lamella surface. 
This calculation is one of the main arguments for a chain 
folding in melt crystallised polymers [31,30]. Therefore, a 
large amount of chains that emerge from lamellae of the a- 
modification must fold back (Fig. 11c). For polyethylene it 
was calculated that 50% of the chains must fold back [32]. 

The situation is totally different for the 7-modification. 
As described above the number of chains per unit lamella 
surface is reduced. If all chains emerge from the lamella in 
an elongated helical conformation (similar to Fig. 11a), the 
density of the 'amorphous* phase would be 20.27 propene 
units per nm 3 . This value is significantly lower than that of 
the crystalline core, and even lower than that of amorphous 
i-PP. The density at the lamella surface is thus relatively 
small so that even a high degree of conformational disorder 
can appear without the necessity of chain folding. This 
means, that any factor which suppresses chainfolding 
makes the formation of a-modification difficult, but 
promotes the formation of the 7-modification. 

Crystallised random copolymers of propene with ethene, 
1-butene, 3-methylbutene, 1-octene and other comonomers 
are known to crystallise in significant amounts in the 7- 
modification [20-25]. Depending on its size and structure, 
the comonomer units can be excluded from, or included into 
the crystal lattice. In general, the exclusion from the crystal 
lattice is energetically favoured and even if an inclusion is 
possible the majority of comonmer units are excluded [33]. 
Because the comonomers are distributed randomly in the 
chain, it can only happen coincidentally that a comonomer 
unit is in the right position to be part of a sharp chain folding 
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connected with adjacent re-entering. In general, the exclu- 
sion of comonomers leads to the formation of long loops, or 
the chainfolding is totally suppressed. As discussed above a 
large amount of sharp chain folds is necessary to form ct- 
lamellae. For that reason it is easy to understand that the 
exclusion of comonomer units increases the amount of 7- 
modification. A very similar effect is caused by stereoirre- 
gularities, that leads to imperfections in the 3 1 helices which 
must be excluded. Similar to comonomer units, the exclu- 
sion of stereoirregular units renders the formation of sharp 
adjacent chain folds difficult and promotes the formation of 
7-modification. The smaller lamella thickness of the 7- 
modification compared to that of the a-modification [26] 
amplifies this effect, due to an easier collecting of i-PP 
segments of fitting length to form lamellae [34]. In low 
molar mass i-PP samples tapered ends and chemically 
different end-groups might have a similar influence. 

5. Conclusions 

Isotactic polypropenes with different amounts of stereo- 
irregularity were compared. It is shown that the ^-content 
depends on the stereoregularity and on the crystallisation 
temperature. At high crystallisation temperatures the 
samples are fractionated in a non-cry stalli sable fraction 
with a large number of stereoirregularities and a crystalli- 
sable fraction with higher stereoregularity. Upon cooling 
also, the more stereoirregular fraction is crystallisable. 
Slowly cooled to room temperature, it forms mainly the 
7-modification. TREF on a metallocene i-PP sample leads 
to fractions of different stereoregularity that form different 
amounts of the 7-modification. These fractions show differ- 
ent types of superstructures, spherulites for low contents of 
stereoirregularities, bundle like structures for high contents 
of stereoirregularities. Nucleation increases the crystallisa- 
tion temperature of P(P-co-E). Therefore, nucleation with 
bis(p-ethylbenzylidene)sorbitol is able to increase the 7- 
content in P(P-a?-E) significantly during the cooling regime 
from the melt. 

A remarkable difference between the a- and the 7-modi- 
fication of i-PP is the necessity of chain folding in melt 
crystallised lamellae. Similar to polyethene a large number 
of chains that emerge from the surface of a-lamellae of i-PP 
must fold back in order to guaranty that the amorphous has a 
lower density compared to the crystalline regions. There is 
no necessity to fold back for chains that emerge from 7- 
lamellae of i-PP. This difference becomes important when 
the chemical structure of the polypropene chain suppresses 
the formation of sharp chain folds. In that case the formation 
of the a-modification is more difficult, and the amount of 
7-modification increases. Typical examples are random 
copolymers of polypropene, polypropenes with regio- and 
stereoirregularities, and low molar mass samples. 
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Abstract 

Five samples of isotactic polypropylene, iPP, and two copolymers of iPP with l-hexene, synthesized with different catalyst systems, both 
heterogeneous and homogeneous, have been studied in order to analyse the effect of the catalyst system, the presence of comonomer units 
and the crystallization conditions on the phase structure of iPP and. in particular, on the amount of 7 modification obtained. Minor amounts, if 
any, of 7 modification are present in iPP samples synthesized with highly isospecific Ziegler-Natta catalysts and crystallized from the melt at 
different cooling rates, ranging from 100 to 3°C/min. On the contrary, considerable amounts of the 7 form have been obtained both in 
samples prepared with catalysts of very low isospecificity or in those prepared with homogeneous metailocene catalysts. It has been shown 
that the relative proportion of the o and 7 modifications can be controlled just by changing the crystallization conditions. A clear influence of 
the presence of comonomer units on favouring the formation of the 7 phase has not been ascertained. Moreover, attempts to deduce the 7 
content from the d.s.c. melting patterns have been unsuccessful, since the two modifications exhibit very similar melting temperatures 
© 1998 Elsevier Science Ltd. All rights reserved. 

Keywords: Isotactic polypropylene; Copolymers with l-hexene; a and 7 modifications 



1. Introduction 

The polymorphic behaviour of isotactic polypropylene 
(iPP) is well documented [1-3]. The monoclinic a form is 
by far the most common [1-4], being found in all kinds of 
solution-crystallized iPP samples and also in most melt- 
crystallized specimens. The hexagonal 0 modification 
appears only under special crystallization conditions or in 
the presence of selective 0 nucleating agents [1-3.5-8]. 
The triclinic 7 form has been found in the case of low- 
molecular weight iPP, crystallization under high pressure, 
in copolymers or in those samples prepared with homo- 
geneous metailocene catalysts [1-3,9-15]. The 7 form 
seems to be favoured by the presence of defects in the iPP 
chain. In addition, fast quenching of iPP leads to a phase of 
intermediate order, whose structure is still under 
controversy [1-3,16-20]. 

Since conventional supported Ziegler-Natta (ZN) 
catalysts usually lead to high molecular weights and high 
stereoregularities, only traces of the 7 form are obtained in 
such cases under normal crystallization conditions. It has 
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been shown [1,10] that the diffractograms corresponding 
to the a and 7 modifications are very similar and only the 
region around 20 = 18-21° is appropriate for the differen- 
tiation between the two phases. Thus, the a form presents a 
diffraction at 18.6°. while the 7 one shows a peak at 
26 = 20.1°. The rest of the diffractogram is very similar for 
the two modifications. 

We are presently carrying out a comparative study of the 
properties of iPP-based samples synthesized with different 
catalyst systems, including heterogeneous ZN catalysts of 
different generations and homogeneous metailocene systems. 

The purpose of this work is to analyse the effect of the 
catalyst system, the presence of comonomer units and the 
crystallization conditions on the phase structure of iPP and, 
in particular, on the amount of 7 modification obtained. 



2. Experimental 

Five different types of catalysts have been used in obtain- 
ing the samples. Types A, B and C are heterogeneous ZN 
catalysts based on the system MgCI 2 /TiCl 4 , activated by 
AlEt 3 . The difference is that type A does not have any 

s reserved. 
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Table 1 



Results of the characterization of the different polymer samples 



Sample 



Catalyst 



l-Hexene 
(mol%) 



MJM n 



Immmmj 



PPML83 

PPP08 

PHF24 

PPI901 

PPZ02 

PPZ19 

PHZ43I 



A 
B 
B 
C 
D 
E 
E 



0 
0 

4.7 
0 
0 
0 

2.6 



0.75 
0.58 
0.64 
0.52 



47900 

29900 
35160 
38600 
31480 



6.5 

6.1 
1.8 
1.9 
1.9 



0.42 
0.93 

0.92 



0.65 
0.85 
0.77 
0-82 
0.94 
0.93 
0.91 



134 
159 
147 
156 
143 
145 
121 



"Peak melting temperature after crystallization from the melt at l00°Omin 



kind of donor while type B includes diisobutyl phthalate as 
internal donor and phenyltriethoxysilane as external donor, 
and type C includes 2,2-dicyclorxmtyl-l,3-dimethoxy pro- 
pane as internal donor [21] and without external donor. 
Type D is an homogeneous metal locene catalyst of rac- 
ethylene-bisindenyl-zirconium dichloride t Et(Ind) 2 ZrCl 2 , 
activated by methylaluminoxane, MAO. Finally, type E 
consists also of Et(Ind) 2 ZrCI 2 activated with a suitable Ali- 
But3/MAO mixture [22]. 

These types of catalysts have been used to prepare the iPP 
homopolymers and the iPP-l-hexene copolymers indicated 
in Table 1. The comonomer compositions and the isotactic 
pentad fractions, [mmmm] T were determined from the n.m.r. 
spectra in solutions of C 3 D 2 C1 4 . The isotactic content, 11, 
corresponds to the weight fraction of the insoluble part of the 
polymer in boiling heptane. Intrinsic viscosities, [tj] v , were 
determined in 1 ,2-dichlorobenzene, DCB, at 135°C Molecu- 
lar weights were measured by g.p.c. in solutions of DCB at 
1 35°C. Table 1 shows the results for the different samples. 
Some of them were not fractionated for II measurement 
because they have been prepared by using the above-men- 
tioned single-site catalyst Et(Ind) 2 ZrCl 2 . 

Wide-angle x-ray diffraction, WAXD, patterns were 
recorded at room temperature using a Philips diffractometer 
with a Geiger counter, connected to a computer. Ni-filtered 
CuKor radiation was used. The diffraction scans were 
collected over a period of 15 min between 26 values of 
about 5 and 35° using a sampling rate of 1 Hz. The initial 
films for WAXD were prepared in a Collin press by cooling 
from the melt under a little pressure. The cooling process 
was carried out by quenching to room temperature (cooling 
rate of about 100°C/min) or by slow cooling at the inherent 
rate of the press (approximately at 3°C/min). Selected speci- 
mens were also crystallized by cooling from the melt at 
controlled rates in a Mettler FP82HT hot stage. 

Calorimetric analyses were carried out in a Perkin-Elmer 
DSC7 calorimeter, connected to a cooling system and cali- 
brated with different standards. About 7 mg of sample were 
used, and the heating rate was 10°C/min. The peak melting 
temperatures of the different samples after crystallization 
from the melt at 100°C/min are shown in the last column 
of Table 1. 



3. Results and discussion 

Since the diffractograms corresponding to the a and 7 
forms of iPP are rather similar, the determination of the 
relative proportion of both phases is not straightforward, 
and several methods have been proposed [10,23]. We 
have used a deconvolution procedure, after subtraction of 
the amorphous component. For that purpose, we acquired 
the diffraction pattern of an elastomeric polypropylene 
sample, obtained with an unbridged 'oscillating' metallo- 
cene catalyst [24,25]. No crystallinity has been detected in 
this sample by d.s.c, or by x-ray diffraction, as observed in 
the middle diffractogram of Fig. 1. A certain proportion of 
this amorphous pattern has been subtracted from the profiles 





20 

Fig. I. X-ray diffraction profiles showing the procedure for obtaining the 
'pure crystalline* diffractogram. <A) Actual sample (PPML83-d); (B) 
totally amorphous sample (elastomeric polypropylene 1. and difference 
A-0.53B. representing the 'pure crystalline' profile. A and B are 
normalized to the same total area, so that the x-ray degree of crystallinity 
of A is 0.47. * 
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26 

Fig. 2. X-ray diffractograms corresponding to homopolymcr PP1901 
crystallized from the melt at different cooling rates: 100°C/min (upper) 
and 3°C/min (lower). 

of the different sample preparations and, assuming a simple 
two-phase model, the corresponding 'pure crystalline' 
diffractogram can be deduced when a flat background is 
obtained, as depicted in Fig. 1. Since all the original 
diffractograms were normalized to the same total intensity, 
the estimation of the x-ray crystallinity is straightforward. 

Subsequently, the crystalline diffractograms were 
deconvoluted by using Pearson VII profiles for the crystal- 
line diffractions. The proportion of the two modifications is 
obtained from the relative areas of the diffractions at 20 = 
18.7 and 20.2°. Evidently, the results will change slightly if 
a different method or different profiles for the fitting are 
applied, since the diffractions overlap. Moreover, we are 
assuming with this procedure that, in the samples with 
100% of a or 7 modification, the relative areas of the 
diffractions at 18.7 and 20.2°, respectively, in relation to 
the total crystalline area, are the same in both cases (we 
were unable to prove this point since we have not got 
pure modifications of both in any sample). 

It is known that obtaining significant amounts of 7 
modification is rather difficult in the case of iPP samples 
of high isotacticity obtained with heterogeneous catalysts. 
Thus, Fig. 2 shows the diffractograms of two specimens of 
sample PP1901. obtained with catalyst C These diffracto- 
grams show the diffractions corresponding to the a form of 
iPP. The presence of a peak at 20.1°, arising from the 7 
phase, cannot be totally disregarded, but it is inside the 
noise level (an upper limit of 15% of 7 content is deduced, 
as indicated in Table 2). The total crystallinity of these 



specimens is rather high (see also Table 2) and the crystal- 
lites for specimen PPI901-b seem to be large, as expected, 
judging from the width of the reflections. Similar arguments 
apply for sample PPF08 (see Table 2), obtained with 
catalyst B, which displays a slightly higher isotacticity 
thari~polymer PP1901. 

The presence of comonomer units have been reported to 
favour the formation of the 7 modification. We have 
studied, in a previous paper (26], several copolymers of 
iPP and 1-hexene obtained with a catalyst of type B. The 
reported diffractograms of the quenched samples did not 
show any clear indication of the 7 modification, although 
the crystallinity levels obtained for high comonomer 
contents preclude any precise conclusion. We have focused 
our attention, therefore, on the copolymer with the smaller 
comonomer content: 4.7 mol% of l-hexene. The diffracto- 
grams for a quenched and a slowly crystallized specimen of 
this copolymer, named PHF24, are shown in Fig. 3. No clear 
indication of the 7 modification can be deduced from these 
diffractograms. A peak at 20.1° may be present, although in 
a minor proportion. We also studied, in a previous paper 
[27], several fractions of copolymer PHF24, obtained by 
extracting with octane at different temperatures. The 
diffractograms of these fractions, with varying comonomer 
contents, stereoregularity and molecular weight, and 
crystallized from the melt, did not show a clear indication 
of the presence of 7 form. 

The situation is much different for the iPP sample 
obtained with catalyst A. This sample, PPML83, has a rather 
small isotactic content (see Table 1). Fig. 4 shows the 



Table 2 

X-ray crystallinity./,. and 7 phase content, / 7 , for the iPP samples crystal- 
lized from the melt at different cooling rates 



Specimen 


Cooling rate 
rC/min) 


/: 


f\ 


PPML8.Va 


100 


0.52 


0.25 


PPML83-D 


10 


0.47 


0.44 


PPML83-C 


5 


0.52 


0.57 


PPML83-d 


1.5 


0.47 


0.67 


PPF08-a 


100 


0.67 


<0.10 


PPF08-D 


3 


0.70 


< 0.20 


PHF24-a 


100 


0.29 


< 0.20 


PHF24-b 


3 


0.42 


<0.30 


PP1901-a 


100 


0.72 


< 0.10 


PPI901-D 


3 


0.74 


< 0.15 


PPZ02-a 


100 


0.60 


-0.15 


PPZ02-b 


10 


0.59 


0.39 


PPZ02-C 


5 


0.60 


0.50 


PPZ02-d 


1.5 


0.58 


0.57 


PPZI9-a 


100 


0.55 


-0.15 


PPZ19-b 


16 


0.57 


0.36 


PPZ19-C 


8 


0.56 


0.41 


PPZI9-d 


4 


0.55 


0.48 


PPZI9-e 


1.5 


0.51 


0.58 


PHZ43l-a 


100 


0.50 


<0.3 


PHZ43I-D 


3 


0.50 


-0.7 


"Estimated error, r 0.05 
*Esti mated error, r 0.10 
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Fig. 3. X-ray diffractograms corresponding io copolymer PHF24 crystal- 
lized from the melt at different cooling rates: 100°C/min (upper) and 3°C/ 
min (lower). 



WAXD patterns corresponding to specimens of sample 
PPML83 prepared at different cooling rates. A clear peak 
of varying intensity can be observed at around 20.2°, indi- 
cating that the 7 content increases as the cooling rate 
decreases, since this diffraction increases in intensity 
while the one at 20 = 18.7°, arising from the a phase, 
diminishes. Thus, only a minor amount of the 7 modifica- 
tion is present in the quenched sample, while it represents 
the major proportion for the specimen crystallized at the 
smallest rate. 

The results of Table 2 indicate that the estimated content 
of the 7 modification for sample PPML83 increases 
markedly as the cooling rate decreases, and the proportion 
between the two modifications can be controlled, therefore, 
by the crystallization conditions. 

The remaining three samples have been synthesized with 
metallocene-based catalysts. Homopolymer PPZ02 was 
obtained with catalyst D. The corresponding results for 
the crystallinity and the 7 content are also presented in 
Table 2. It is observed that the fractions of 7 form for this 
polymer are slightly smaller than those for sample PPML83, 
for the same cooling rate. 

We have also analysed a sample, PPZ19, synthesized 
with catalyst E, similar to catalyst D, but activated with 
AliButj, thus exhibiting a significantly higher activity (2.3 
times higher). Fig. 5 shows the diffractograms of different 
specimens of this sample. The results of crystallinity and 7 
content (see Table 2) are practically identical to those for 
sample PPZ02, i.e. a higher yield of polymer is obtained 





Fig. 4. X-ray diffractograms corresponding lo homopolymer PPML83 
crystallized from the melt at different cooling rates. From top to bottom: 
100. 10. Sand I^C/min. 



Fig. 5. X-ray diffractograms corresponding to homopolymer PPZ 19 crystal- 
lized from the melt at different cooling rates. From top to bottom: 100. 16. 
8. 4 and l.5°C/min. 
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with catalyst E without a change in the properties analysed 
in this paper. 

The last sample, PHF431, is a copolymer of iPP and 
1-hexene, also prepared with the metal locene-based catalyst 
E. The diffractograms of two specimens of this copolymer 
are shown in Fig. 6. The noise level is rather high, due to the 
limited amount of sample. Nevertheless, the diagram for the 
slowly crystallized specimen shows a prominent peak 
around 20.2°, i.e. the 7 form is predominant in this speci- 
men. Regarding the quenched specimen, the amount of 7 
modification does not appear to be significantly different 
than the corresponding amount for homopolymer PPZ19, 
even though the molecular weight of the copolymer is 
slightly smaller. It seems, therefore, that the presence of 
comonomer units has not increased the ability to produce 
the 7 phase by very much. 

The influence of the cooling rate on the total crystallinity 
seems to be rather small, since the values for any particular 
sample are within the experimental error (see Table 2), and 
only in the case of copolymer PHF24 was a significantly 
smaller crystallinity obtained for the quenched specimen. 

The effect of the cooling rate on the proportion of 7 
modification can be observed in Fig. 7, where the 7 contents 
have been plotted against the logarithm of the cooling rate 
for three of the samples. Since the number of data points is 
very limited, and considering the experimental uncertainty, 
any conclusion from these results is rather speculative. A 
single line has been drawn through all the data points in 
Fig. 7, but it seems that different lines are obtained, the 
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Fig. 6. X-ray diffractograms corresponding to copolymer PHZ431 crystal- 
Hied from the melt at different cooling rates: IOO°C/min (upper) and 3°C/ 
min (lower). 
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Fig. 7. Plot of the 7 phase content as a function of the logarithm of the 
cooling rate for the indicated samples. 

ordinate depending on the kind of sample, showing its 
higher or lower tendency to produce the 7 phase. Of course, 
the molecular weight of the sample will also play an impor- 
tant role on the ability to produce the 7 modification. In fact, 
a metallocene iPP sample with M w = 18000 has been 
reported [28] to produce 100% 7 form when isothermally 
crystallized at high temperatures (in that paper, progres- 
sively lower proportions of 7 form were obtained when 
lowering the crystallization. temperature). 

The right-hand side of Fig. 7, corresponding to very high 
cooling rates, may present a discontinuity due to the forma- 
tion of the disordered phase obtained by fast quenching of 
iPP. We have not found any indication of this phase in this 
study (the highest cooling rate has been around 100°C/min). 

We plan to extend these investigations to other iPP 
samples, trying to get a better picture of the ability to pro- 
duce the 7 modification. It seems from Fig. 7 that any iPP 
sample will be able to give this modification: it is just a 
matter of diminishing the cooling rate (or the molecular 
weight), and the more steric defects present in a given 
sample, the less we need to diminish the cooling rate. This 
is the case of iPP samples of very low isotactic content or 
those synthesized with metallocene catalysts, where the 
errors, although not very numerous, are evenly distributed, 
and considerable amounts of 7 phase are obtained at 
moderate cooling rates. On the contrary, iPP samples of 
high stereoregularity from heterogeneous catalysts need 
extremely low cooling rates. We plan to carry out such 
experiments, keeping the samples under vacuum or in 
inert atmosphere to prevent the degradation of the samples 
in the very long times required. Moreover, isothermal 
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experiments are also planned, since the isothermal crystal- 
lization at progressively higher temperatures will also give 
higher amounts of y form. 

We have also analysed these samples by d.s.c.. trying to 
get another estimation of the y content from the melting 
patterns. Fig. 8 shows the melting curves corresponding to 
sample PPZ02 crystallized from the melt at three different 
cooling rates. It is evident from these patterns that the melt- 
ing temperatures of both the a and y modifications are very 
similar and their relative content cannot be determined by 
d.s.c. The peak melting temperature of the slowly crystal- 
lized specimen (with more y form) is slightly higher than 
the one for the quenched sample. It has been reported [28] 
that the a form is the one that melts at higher temperature. 
However, a slower crystallization will produce thicker 
crystals, with higher melting temperatures, which could 
explain the d.s.c. results. Moreover, recrystallization 
phenomena may be present in the d.s.c. experiments. We 
plan to analyse these aspects by real-time synchrotron 
experiments. 

The peak melting temperatures of the different samples, 
quenched from the melt, are shown in the last column of 
Table 1 . Besides the molecular weight, three other variables 
influence the melting temperatures: [mmmm] content, 
comonomer content and kind of catalyst (distribution of 
errors). Regarding the heterogeneous catalysts, a decrease 
of 25°C is found when comparing homopolymer samples 
PPF08 and PPML83, mainly due to their very different 
[mmmm] content. However, the decrease of the peak 
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Fig. 8. D.s.c. melting curves corresponding to sample PPZ02 crystallized 
from the melt at different cooling rates. From top to bottom: 100. 20 and 
3°C/min. 



melting temperature caused by the presence of comonomer 
(sample PHF24) is rather small, since, for heterogeneous 
catalysts, the comonomer units (and any kind of error, 
including tacticity errors) are concentrated in the lower 
molecular weights, and the higher molecular weight chains 
have a content smaller than average, thus leading to longer 
sequences free of defects. 

The errors are much more evenly distributed in the 
samples synthesized with homogeneous catalysts, in such 
a way that samples PPZ02 and PPZ19 display lower melting 
temperatures than PPF08 or PP1901, even though those 
have a higher [mmmm] content. For the same reason, a 
considerable decrease of the melting temperature is found 
for copolymer PHZ43I, with only a 2.6 mol% comonomer 
content, but with a distribution presumably more random 
than that for copolymer PHF24. A similar behaviour is 
found in ethylene copolymers, when comparing samples 
prepared with heterogeneous and homogeneous catalysts 
[29.30]. 



4. Conclusions 

Minor amounts, if any, of y modification are present in 
iPP samples synthesized with highly isospecific ZN 
catalysts and crystallized from the melt at different cooling 
rates, ranging from 100 to 3°C/min. On the contrary, con- 
siderable amounts of the y form have been obtained both in 
samples prepared with catalysts of very low isospecificity or 
in those prepared with homogeneous metallocene catalysts. 
It has been shown that the relative proportion of the a and y 
modifications can be controlled just by changing the 
crystallization conditions. 

A clear influence of the presence of comonomer units on 
favouring the formation of the 7 phase has not been 
ascertained. Moreover, attempts to deduce the 7 content 
from the d.s.c. melting patterns have been unsuccessful, 
since the two modifications exhibit very similar melting 
temperatures. 
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Abstract 

The influence of ethylene content, nucleating agents and cooling rate upon the formation of 7 phase in isotactic polypropylene is 
investigated. Detailed analysis of wide angle X-ray diffraction shows that some 7 phase can appear even in copolymers of very low ethylene 
content (0.5 mol.%). Differential scanning calorimetry shows a double melting peak. Nucleating agents of different types are found to 
enhance 7 phase crystallization, even in high molecular weight homopolymers. In any of the materials studied the amount of 7 phase 
decreases with increasing cooling rate, going to zero at a cooling rate of about 10°C s" 1 . We interpret the observations in terms of the kinetics 
of growth and the phase stability, which shows that: (a) there is a region in which the 7 phase has a lower free energy than the a phase; and (b) 
this region reaches lower temperatures with increasing comonomer content. © 2000 Elsevier Science Ltd. All rights reserved. 
Keywords: Isotactic polypropylene; a and 7 phases; Ethylene content 



1. Introduction 

Isotactic polypropylene (iPP) is on the one hand an 
'ordinary' commodity polymer with a very simple chemical 
structure. On the other hand despite its chemical simplicity 
it shows a remarkable complexity of crystal structures, and 
self-assembly behavior [1,2]. Control of the growth of the 
different polymorphs as a function of material grade and 
crystallization conditions is of great technological 
importance. 

Many studies have therefore been carried out with the aim 
of understanding the complex crystallization scenario. 
Concerning the crystal structures themselves, this work is 
concerned with the a and 7 modifications. The monoclinic a 
phase is the most prevalent. It is generally the majority 
phase observed both in melt and solution-crystallized 
samples prepared at atmospheric pressure. For the 7 
phase, initially indexed as triclinic [3,4], studies of a form 
generated at atmospheric pressure from low molecular 
weight polymer led to a reassignment of the structure as 
orthorhombic [5] with a unique crossed arrangement of 
the chains in subsequent growth layers. It has an epitaxial 
relationship with the a phase such that either can grow onto 
lamellae of the other phase [6,7]. In general, however, the a 
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phase is observed to grow first, followed by epitaxial growth 
of the 7 phase, rather than the other way round [8]. The 
amount of 7 phase generated is known to be enhanced by 
(i) crystallization under high pressure [9,10], (ii) low mole- 
cular weight [4,11] (iii) the presence of chain defects or 
chemical heterogeneity caused by atacticity [12,13], and 
(iv) ethylene comonomer units in the chain [4,14-16]. 

The latter effect was first noticed by Turner-Jones et al. 
[4]. Zimmermann [14] investigated random polypropylene- 
ethylene copolymers with ethylene contents from 4.3 to 
1 1 mol.%. From the wide angle X-ray diffraction 
(WAXD) patterns the author determined the amount of 7- 
phase formed. Although he concluded that 7-phase can first 
be detected for an ethylene content of 5 mol.%, close 
inspection of the WAXD pattern of the 4.3 mol.% sample 
shows a clear sign of the 7 phase, namely a small peak at 
just above 26 = 20° (as will be explained in Section 3). 

More recently, detailed studies on the 7 phase have been 
carried out by Laihonen et al. [16] and Mezghani et al. 
[15,17]. They confirmed the earlier findings that the amount 
of 7 phase is proportional to the ethylene content, and show 
that more material crystallizes in the 7 phase at low super- 
coolings and a smaller cooling rate. A maximum in the 
fractional content of the 7 phase reported by Mezghani et 
al. [15] has recently also been found in an investigation of 
metallocene catalyzed polypropylenes with different defect 
concentrations [13]. For homopolymers [17] the amount of 
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Table I 

Materials studied and their molecular weight (A/w). molecular weight 
distribution (Mwd). xylene solubility (Xs), comonomer content and nucle- 
ating agent 



Table 2 

Assignment of WAXD peaks of the a. fj and y crystalline phases of iPP. For 
each^phase the number at the top is the angle 26, and the indc, (hkl) is given 



Material Afw 



Mwd Xs % ethylene Nucleating agent 



M7 

M7N 

M4 

M4N 

M3 

M9 

M16 

MI4 



377 000 

379 000 
268 000 
277 000 
213 000 

380 000 
293 000 
293 000 



4.8 
5.3 
5.0 
5.1 
4.3 
3.8 
7.3 
7.3 



2.3 
3.4 
3.8 
4.1 
2.8 
5.0 



0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
3.1 
3.1 



Talc 1000 ppm 
DBS 2000 ppm 

DBS 



7 phase formed increases with pressure and crystallization 
temperature, so that it becomes possible at e.g. 125 MPa to 
grow pure 7 phase material. Based on their extensive data, 
Mezghani and Phillips [17] were able to derive equilibrium 
melting point data and construct a temperature-pressure 
phase diagram for the a and 7 forms. 

This study presents recent results on the influence of 
ethylene content, nucleating agents and cooling rate upon 
the 7 phase formation. The novelty of this work arises from 
two factors. Firstly, crystallization was carried out under a 
wide range of controlled cooling conditions, emulating non- 
isothermal solidification conditions usually experienced in 
polymer processing. Secondly, we analyze our observations 
of the phase behavior, as well as those of previous studies, in 
terms of the kinetics and size dependent stability of the 
phases. 



2. Materials 

The present study encompasses a wide range of iPP, 
kindly provided by Borealis AS, Norway, within the Brite 
project BRPR.CT92.0331. The main material characteris- 
tics are listed in Table 1. 

Considering the data in Table 1, the influence of ethylene 
content was studied comparing M3, M9 and Ml 6, while that 




Fig. 1. Templates of typical WAXS patterns of pure a, 3 and y crystallir 
forms of iPP. 
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of different nucleating agents was studied comparing M7N 
and M4N with the respective nucleating agent free polymers 
(M7, M4). Finally, the effect of a simultaneous presence of 
ethylene and nucleating agents was studied by comparison 
ofM14andM16. 

All the samples were solidified as thin films from the 
melt, controlling the cooling rate by an apparatus recently 
developed [19]. Prior to quenching, the polymer is kept in 
the melt at 250°C for a period of 30 min in order to erase 
memory effects. A nitrogen atmosphere prevents degrada- 
tion [20]. The sample is quenched by spraying a suitable 
cooling fluid through two opposite spray nozzles onto the 
sample assembly, whereby the thin polymer film is sand- 
wiched between two copper plates. One dimensional heat 
transfer is obtained in the thickness direction and. by control 
of sample thickness, homogeneous cooling conditions can 
be obtained. These, measured on the copper plates can be 
controlled by changing their thickness and the cooling fluid 
used and its flow rate from 0.1 up to 1000°Cs _l . In the 
present work the cooling rates have been restricted to the 
range 0.04-30°C s " 1 since outside this interval no y phase is 
observed. 

The advantage of our approach over standard methods of 
thermal analysis is that a wider range of cooling conditions 
can be explored. Characterization of the final stracture can 
then be related to the thermal history recorded during cool- 
ing. While the full thermal history is available (and is used 
for the validation of models of crystallization kinetics exam- 
ined elsewhere [19]). here only the cooling rate at 70°C is 
used as a single parameter characterizing the cooling condi- 
tions. The relevance of this parameter has been established 
elsewhere [19]. 



3. Characterization methods 

Samples were characterized by means of Differential 
Scanning Calorimetry (DSC) using a Perkin-Elmer DSC7 
and Wide Angle X-ray Diffraction (WAXD) on a Philips 
diffractometer with a Cu Ka tube and wavelength of A = 
0.15418 nm. DSC provides melting points, and WAXD was 
used to identify the phases and their respective amounts. 
Peak deconvolution was performed using the software 
program Peakfit, supplied by Jandel Sci. 
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Frg. 2. WAXS patterns of M3, M9 and M16 with ethylene content 
4. WAXD analysis methods 

Each of the a. ^ and y crystalline forms has its own 
distinctive peaks in the WAXD patterns, shown qualita- 
tively in Fig. 1 and quantitatively in Table 2 

In a typical WAXD diffraction pattern of the a phase the 
second peak is always smaller than the first one. However 
this effect is not observed in samples containing the y phase-' 
their patterns are characterized by a second peak larger than 
the first one, which is not surprising considering the location 
of the strong peak II in the y phase. Due to the closeness of 
the a and y phase peaks in this region, peaks I, II and III are 
not ideal for an identification of the y phase. Therefore the 
identification of the presence of y phase usually relies on the 
peak at 26 = 20.07°. In previous studies [14,15], the 7 to a 
ratio was calculated simply from the relative intensities of 
the unique y and a peaks at 20.07 and 18.5°. respectively 
Although this ratio provides the correct limits of zero y and 
a phase in the absence of the respective peaks, it does not 
necessarily give the correct ratios in the intermediate 
regime. Therefore, in the present work the overall intensities 
in the angular range 10-23° of both phases are determined 
by means of a WAXD pattern deconvolution procedure 
After subtraction of background scattering, for the y phase 
the intensity of the unique peak IV is obtained directly from 
Peakflt. The intensities of all other peaks are then calculated 
on the basis of the relative intensities proposed by Bruckner 
and Meille [5]. From their interpretation of the y form the 
peaks at 26 = 15.05° (113) and 20.07° (117) not overlap- 
ping with the a form ones, have a constant rado of ca 1 5/85 
Moreover, the intensity of the (117) peak at 20.07° divided 



of 0. 0.5 and 3.1%, respectively for different cooling rates at 70°C. 

by the sum of the intensities of all peaks in the angular range 
between 10 and 23° is also constant. After subtracting the y 
phase intensity so determined, the overall a phase intensity 
could be determined easily following the peak pattern of 
Table 2. The relative phase amounts were then given by 
he relative intensities. This rationale is adopted throughout 
this work to evaluate quantitatively the amount of -y phase 
The above method fails for very small amounts of y phase 
when die (1 1 7) peak can no longer be distinguished from the 
amorphous background. Nevertheless, our observations 
indicate that the presence of y phase can still be identified 
from the relative height of the peaks at 26 = 14° and 26 = 
16.8° The former is the sum of the a peak at 14.08° and the 
y peak at 13.84°. the latter the sum of the a peak at 16 95° 
and the y peak at 16.72°. The latter being higher is'the 
signature of the y phase. 



5. Results 

5.1. Effect of ethylene content and cooling rate 

Mo^^f Patten,S ° btained after coolin 8 mate rials M3, 
M9 and M16 at increasing rates are shown in Fig 2 By 
visual inspection we note that, at the lowest cooling rate, for 
the three materials, the second peak is either higher or 
comparable to the first one, and a little additional peak 
can be found at 26= 20.07°. This feature is more evident 
with increasing ethylene content. The same situation can be 
observed for cooling rates up to PCs"', although less 
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Fig. 3. The y phase and amorphous content, respectively, as a function of cooling rate for the different copolymers. 



evidently. The 7 phase seems to have more or less disap- 
peared at a cooling rate of 10°C s" 1 . 

Quantitatively, the amount of 7 phase and of the amor- 
phous halo calculated for the copolymers is shown in Fig. 3. 
For a given cooling rate the amount of 7 phase as well as the 
amorphous halo increase with ethylene content. With 
increasing cooling rate the content of 7 phase decreases, 
disappearing at higher cooling rate the larger the ethylene 
content. 

The DSC traces of the copolymers M9 and M 16, shown in 
Fig. 4, reveal a double peak over most of the range of 
crystallization conditions, in contrast to the single melting 
peak of the homopolymer M3. 

There is disagreement about the assignment of the peaks 
in the literature. According to Mezghani and Phillips [17] 
the 7 phase is preferred at lower cooling rates and lower 
supercoolings. It therefore is expected to form the first 
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Fig. 4. DSC traces of the copolymers M9 and Ml 6. 



dominant lamellae onto which the a phase crystallizes 
epitaxially. Due to the tilt of the chains in the 7 phase, the 
stem length of the epitaxial a phase crystals would be 
reduced by 24% [17]. Hence, on the basis of smaller crystal 
thickness Mezghani and Phillips assign the lower peak to 
the a phase. On the other hand, the DSC traces show the 
lower peak to decrease in strength relative to the higher 
temperature peak with increasing cooling rate. Melting 
and recrystallization phenomena will play a role especially 
for the larger cooling rates, and may result in a smearing out 
of the lower peak and strengthening of the final melting 
peak. Although this distortion makes it difficult to discern 
the effect of the initial phase content, the observed trend in 
relative peak heights is at least consistent with the WAXD 
results if we assign the lower peak to the 7 phase. This 
would also be consistent with the 7 phase growing onto the 
a phase [11], hence in our case at lower temperature. The 
recent work by Alamo et ai. [1 3] corroborates the latter view. 
WAXD during melting shows a significant portion of the 7 
phase crystals disappear in the lower peak but some remain 
until the final melting. This observation is related to two 
populations of 7 phase crystals: one that nucleates initially 
and independently and one that grows epitaxially onto the a 
phase. We shall come back to this point in our analysis. 

5.2. Effect of nucleating agents and cooling rate 

The WAXD patterns obtained for homopolymers with 
and without nucleating agents (M7,M7N and M4,M4N) 
are shown in Figs. 5 and 6. Visual inspection and quantita- 
tive analysis (Fig. 7) clearly show that the 7 phase formation 
is enhanced by the presence of either nucleating agent, talc 
or DBS. M4N and M7N are mainly characterized by a 
second peak much larger than the first one for all cooling 
rates. In the case of M4N, in addition to the above 




observation, the 7 phase peak at 20.07° is also observed at 
low cooling rates. We cannot at present conclude whether 
this is an effect of the type of nucleating agent or is related to 
the lower molecular weight in comparison to the talc-filled 
polymer M7N. However, much lower molecular weights are 
usually needed to give rise to an increase of the 7 phase 
content [4]. As above, increasing the cooling rate leads to a 
decreasing amount of 7 phase and an increase of the 
amorphous halo (Fig. 7). 

5.3 Combined effect of ethylene content, nucleating agents 
and cooling rate 

We compared the two copolymers, M16 and M14, both 
with the same ethylene content (3. 1 %), and the latter includ- 
ing a nucleating agent. The first question to ask is whether 
the 7 phase enhancing effects of the ethylene content and 



nucleating agents combine. The WAXD of the nucleated 
copolymer, Fig. 8, shows that this is indeed the case 
Hence, for M14 the amount of 7 phase is larger, and the 

than for MI 6, as Fig. 3 shows. 

The DSC traces of the M14 sample (Fig. 9) show an 
endothenmc 'hump' followed by the main melting peak 
The traces are similar to those reported by Mezghani and 
Phillips for isothermally crystallized samples with a consid- 
erable amount of 7 phase. However, as noted above it is 
likely that different 7 phase crystals are involved in the 
whole melting range. 



6. Discussion and analysis of phase behavior 
An analysis of the phase behavior of isotactic 
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Fig. 6. WAXS patterns of M4 (left) and M4N (right) for different cooling rates at 70T showing the influence of 



the nucleating agent DBS on the 7 phase 
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Fig. 8. WAXS patterns of M 14 for different cooling rates at 70°C. 
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polypropylene was recently carried out by Mezghani and 
Phillips [17]. They considered mainly the equilibrium melt- 
ing points of the a and 7 phases, and the effect of pressure 
on the phase behavior. Our concern is to put forward a 
possible explanation of the observation of phase behavior 
in copolymers, materials with nucleating agents and their 
dependence on cooling conditions. 

The results above show that ethylene cornonomer units, 
even in small amounts, lead to some 7 phase crystallization. 
Higher cooling rates, hence higher supercool ings, are shown 
to be less favorable for 7 phase growth. The question 
remains as to why this is so. There are basically two possible 
factors determining the likelihood of growth of a particular 
phase: kinetics and thermodynamics. In our discussion of 
these effects we follow broadly the considerations put 
forward by Keller et al. [21] in their discussion of the 
competition between the orthorhombic and hexagonal 
phases in polyethylene. 

Kinetically, most of the evidence suggests that the a 
phase crystallizes faster than the 7 phase. Experimentally 
it is generally found to crystallize first [11]. From a theore- 
tical view point we would also conclude that the a phase is 
preferred in a homopolymer. To rationalize this we assume 
as in [21] that the rate of formation N is given by: 



= Aexp[- ?— 1 

L HAD"" 1 J 



(1) 



where the value of n is either 3 or 2 for primary nucleation or 
surface growth, respectively. The pre factor A contains, apart 
from transport terms, the frequency with which chain 
sections ready to crystallize present themselves. We expect 
this to be larger for the a phase due to its simpler structure. 
For phases with very similar melting points, the exponential 
term is mainly determined by the factor B, which is basically 
given by the ratio of surface free energy over heat of fusion 
[21]. A smaller ratio means faster growth, and this is indeed 
the case for the a phase, as follows from the thermodynamic 
data [17] shown in Table 3. For the copolymer we can argue 
that both factors change in favor of the 7 phase. The 
increased flexibility in the chains should enhance the avail- 
ability of segments to crystallize in the 7 phase structure. 
Furthermore, the surface free energy will increase consider- 
ably more with cornonomer content for the a phase structure 
than for the 7 phase structure for the following reasons 
argued by Alamo et al. [13]. The presence of defects leads 
to shorter crystallizable sections, and many sections become 
too short for chain-folded crystallization. The chains will 
therefore proceed straight into the amorphous phase, 
which leads to an overcrowding and high surface free 
energy in the a phase structure, but can be accommodated 
in the 7 phase structure because of the high tilt angle. 

Thermodynamically, the relative stability of the different 
polymorphs may change as a result of growing phase size as 
well as changing temperature. For very small crystals, i.e. 
initially, a different phase may be stable to that which is the 
finally stable one at large size. This concept was discussed 
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Table 3 

Thermodynamic parameters for the homopolymer [ 1 7] 



Phase 




Atf(Jg _1 ) 


P (g cm" 3 ) 


<r e (I0~ 7 J cm* : ) 


a 


186.1 


209 


0.936 


52.2 


1 


187.2 


190 


0.933 


51.7 



e.g. by Keller et al. [21] in the context of the competition 
between the orthorhombic and hexagonal phases in poly- 
ethylene, and we shall follow a similar analysis. 

Since the 3 phase is absent in the materials and conditions 
we studied, we concentrate on the relative stability of the a, 
7 and melt phases. For this purpose we need to determine 
the melting lines of the two phases as a function of size, and 
a line which denotes the transition between the two crystal- 
line phases. 

The melting lines are defined by the Gibbs-Thomson 
relation: 



n (*)=7*(l- 



(2) 



where 7^ is the equilibrium melting point, cr t the fold 
surface free energy, p the density, and Mi the heat of melt- 
ing of the respective phase (ct or 7). The transition line is 
defined in principle by a similar equation with the respective 
quantities in Eq. (1) relating to the transformation between 
the a and 7 phases. As in Ref. [21] it is determined simply 
by a straight line through two points: (i) the triple point T Q 
(at which the melting lines cross), and (ii) the transition 
temperature 7^, which is given by equating the Gibbs free 
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Fig. 10. Schematic phase stability diagram of an iPP homopolymer showing 
the melting lines of the a phase and 7 phase, respectively, and the transition 
line between the two phases. 



energies of the two phases [18]: 



1 IT 



(3) 



In combination with Eqs. (1) and (2) and inserting the 
data from Table 3 we obtain the homopolymer phase stabi- 
lity diagram shown in Fig. 10. We note in particular the 
transition lines between the two phases that divides the 
diagram into a region above it where the 7 phase is more 
stable than ot, and below it where the a phase is more stable. 

Numerically, on the basis of the parameter values given 
by Mezghani and Phillips, the range of lower free energy of 
the y phase in homopolymers is limited to temperatures 
close to the melting point. The equilibrium transition 
point is at T% = 175°C, and the triple point is at a tempera- 
ture T Q = 174°C, and a lamellar thickness of 21.2nm. 
Hence hardly any 7 phase can be expected for a plain homo- 
polymer. However, the higher the temperature of crystal- 
lization, the more likely it becomes that some 7 phase is 
formed. This agrees with the observation of small amounts 
of 7 phase in the nucleated materials (Figs. 5 and 6). 

The question now arising is how this scenario changes in 
the case of copolymers. The melting points of copolymers of 
similar molecular weight and ethylene content were deter- 
mined by Mezghani and Phillips [17]. However, their data 
refer to mixed phase crystals and hence only provide some 
average melting point of 180°C for a 0.5% copolymer and 
166°C for a 3% copolymer. We assume that the melting 
point of the a phase is still slightly below that of the 7 
phase and set the melting points to 165 and 166°C, respec- 
tively. The density and heat of fusion are reduced due to an 
inclusion of some of the ethylene in the crystalline phase 
[18]. The data in Ref. [18] have a considerable uncertainty 
but suggest that for the 3% copolymer the heat of fusion is 
reduced by about 10 J g" 1 and the density decreased by 
about 2%. As for the surface free energies we assume that 
<r e increases somewhat more for the a than for the 7 phase 
due to overcrowding of chains on the a phase fold surface 
but not on the 7 phase crystals [13]. The resulting data set in 
Table 4 is hence our best estimate for the copolymer M 16. 
In any case it should serve qualitatively to illustrate the 
expected behavior, and we shall comment on alternative 
scenarios below. The corresponding phase stability diagram 
is shown in Fig. 11. The melting lines are shifted down- 
wards in temperature by about 20°C, and the (negative) 
slope of the a phase melting line is slightly increased. 
This scenario is in good agreement with experimental obser- 
vations of the effect of co-units on the equilibrium melting 
behavior. As an example we quote the study by Cheng et al. 
[22] on the isotacticity effect on crystallization and melting 
of polypropylenes. 

Fig. 1 1 shows that the region in which the 7 phase has the 
lowest free energy is significantly larger than in the homo- 
polymer. The melting and transition lines are almost parallel 
due to similar surface free energy to heat of fusion ratios. 
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Table 4 

Estimated thermodynamic parameters for the copolymer M 16 
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Phase 


7?,(°C) 


AW (Jg- 1 ) 


p (g cm" 3 ) 


<r e (10~ 7 Jcm~ : ) 


a 


165 


199 


0.917 


57 


7 


166 


180 


0.914 


52 



The triple point has therefore shifted down to 95°C, and a 
thickness of about 4 nrn. The diagram is an expression of the 
fact that (a) the thermodynamic driving force for the growth 
of y phase crystals is very similar to that of the a phase, (b) 
some y phase may form initially as its region of lower free 
energy is passed, and (c) this region becomes wider at 
higher temperatures. The phase stability diagram is consis- 
tent with our observations that faster cooling leads to less 7 
phase and with that of isothermal studies [15] showing that 
the formation of y phase takes place at lower supercoolings 
only [17]. Although the material finally, when cooled down, 
ends up in the region in which the a phase is most stable,' 
such a solid-solid transformation would not be expected to 
take place during cooling at the given rates nor at room 
temperature because of the small free energy difference 
and the large difference in crystallographic structure of the 
two phases. 

The considerable enhancement of 7 phase that we 
observed in the case of copolymer with nucleating agent 
(Ml 4) can also be understood in the scenario of Fig. 11. 
We note first that the nucleating agent is expected to be 
active for both a and y phases due to their epitaxial relation- 
ship. In the presence of nuclei crystallization sets in at 
higher temperatures, and therefore a much larger part of 
the transformation will take place in the 7 phase 'stability 
region'. 

Finally, we comment on alternative scenarios. The above 
interpretation relies on the two facts that the 7 phase melting 
point is above that of the a phase, and the slope 5 = 
2T m a c /pAH is greater for the 7 phase. If the order of the 
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Fig. 1 1. Schematic phase stability diagram of an iPP copolymer with 3% 
ethylene. The melting lines of the ot phase and y phase, respectively, and the 
transition line between the two phases are shown. 



melting points is reversed, two alternative scenarios arise- 
(0 if the slope S remains in the same order for the two 
phases; then the a phase is the most stable phase under all 
conditions; and (ii) if at the same time the order of 5 is 
changed, then the whole picture is simply reversed and 
the 7 phase is the most stable phase at lower temperatures. 

7. Conclusions 

We have observed the crystal structure of isotactic poly- 
propylene homopolymer and ethylene copolymers with and 
without nucleating agents crystallized at different cooling 
rates. The results can be summarized as follows- As 
observed by previous studies, ethylene comonomers lead 
to the formation of some 7 phase, the amount increasing 
with ethylene content, but decreasing with increasing cool- 
ing rate. Nucleating agents also lead to a small amount of 7 
phase and enhance the amount of 7 phase formed in ethy- 
lene copolymers. We put forward an interpretation for all of 
these observation in terms of crystallization kinetics and 
phase stability diagrams. The phase stability diagram 
shows a small region where the 7 phase has lower free 
energy than the a phase. It is limited to high temperatures 
for homopolymers but moves to lower temperatures and 
increases in size with increasing comonomer content In 
addition, the kinetics acts in the same way, favoring the a 
phase for homopolymers but less so with increasing ethy- 
lene content. Therefore on both counts more 7 phase is 
expected to form with increasing comonomer content As 
the a phase remains the most stable one at lower tempera- 
tures, the amount of 7 phase formed will decrease with 
increasing cooling rate or undercooling. Nucleating agents 
will hence lead to an increase in the amount of 7 phase since 
crystallization will set in at higher temperatures. 
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Development of the v- crystal form in 
random copolymers of propylene and 
their analysis by dsc and x-ray methods 



A. Turner- Jones 

^™^H C T' ymerS ° f P r °Py' ene with minor proportions of ethylene 
o TSS&SSL CO f m ° n0merS d , eVel ° P y - form ciystallinity, mixed with 255 
? L? ? r ° m near the melUn 8 P° int - The Proportion of v-foVm 
.ncreases w.th comonomer content. y-form determinations together Slh 

tioas by different.a! scann.ng calorimetry (dsc), after carefully controlled 

SSLEST* ?? * USCd 10 characteri ~ *• chain disSio^SeS 
The effect of rtermal history on the melt distribution observed by dsc She 
a/y rat.o has been investigated in detail for one copolymer containing 6-5mo »/ 
e«hy.ene, and the crystal morphology developed" in tS^pofym ^ 
fractions obtamed by solvent extraction is discussed 



INTRODUCTION 

^Lh1 UER f^" by thC aUthorl k was shown that stereoblock fractions 
obtained by solvent extraction of normal commercial polypropylene cold 

a Z« ! th . C,r T 111 " 5 P ° intS g3Ve y " form ^stalUnity^s S as norS 
r^n/^s ^«r° W temperat , Ure fractions ' obtained oveV the app oxmiate 
range 35-70 C using petroleum ether or xylene as solvents were of S 
molecular weight and crystallized entirely in the Worm. The deXmen of 
Korm was ascribed to discontinuities in the isotactic sequences in Eha ns 

units or by simple switches (one heterotactic unit) from an isotactic sequence 
where the methyl groups are all on one side of the main C-C backbone 

SSSfi side near 10 ^ iS0t3CtiC SeqUenCe Where ^ - aS 

Since then highly isotactic polypropylene, as opposed to stereoblock 
polymer has been obtained in the y-form free of a-form by ™3S2S 

SSTiSZif pre v ssure , by Kardos2 and PaeS and *° 5 Z 

Uiese laboratories. Very low molecular weight isotactic polymer has also 
^:Z^T aUlZe " ^ ^ by mdt ^ta..iLtL/an h d aS fr a dm 

of w!K PapCr " " Sh ° Wn that random ^polymerization of small amounts 
of various comonomers with propylene using stereospecific cata yste rive 
copolymers which, on slow cooling from the melt, yield mixed 1 £ 

ieXm^nto;l P T 0rti0n ;' n ™ S the thesTthat 

sequence L 1 1 / T " d " e t0 ,nterru P tion s in the isotactic propylene 
sequences in this case due to comonomer units. As with the stereoblock 
fractions the copolymers as originally made, before they are melted low 
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u Cly '° W cr y stalhnil y- T he two comonomers showing this 
effect that have been investigated in most detail are ethylene and butene but 
3-methylbutene and octene and other randomly polymerized comonomers 

fhP^h^H Sh Tu t0 inCrCa$e thC P r °P° rtion of y 0" crystallization from 
Si u ? f r °( thC f tW0 comonomer s co-crystallizes with polypropylene 
although low levels of randomly distributed butene units may enter the 
polypropylene lattice to a limited extent, reducing, but not disrupting 

la«£ ?t ?" 15 Sh0 r by ^ eXpansi0n of the polypropylene crystal 
lattice'.*. Random copolymers of propylene and ethylene in roughly com- 
parable proportions are, as is well known, amorphous 

»W™. P i? P ? r diS ° US t eS thC effeCt 0f the P ro P orti ™ of comonomer and the 
thermal history on the amount of y-form produced in mixed a/y crystallinity 
and on the melting point distribution observed by differential scanning 
calonmetry (dsc) It describes how these parameters can be used to analysf 
£! n ! Ve ?i , Cham distribution in propylene copolymers containing small 
amounts of ethylene and butene distributed randomly, or as block copolymers 
t™? ?- °/ P 0, yP r °Py lene w «h small amounts of polyethylene The 
methods differ from those of Barrall et al* previously reported 

^S!/° POl r"- COnta j n J ng , 6 " 5 moI% eth y lene was selec ted for more 
detailed investigation and for fractionation studies. 



EXPERIMENTAL 

Preparation of copolymers 

All the copolymers were made with TiCI 3 /AlEt 2 Cl catalysts in a high 
boiling a hphatic hydrocarbon at 60°C. The rates of feeding propylene and 
ethylene (or butene) were adjusted so as to obtain random copolymers The 

^ltZ M We ^Z r Vu° ntTOlkd by hydr08en modification to approx- 
mately M w = 300000. The polymer was isolated by filtration at 60°C and 
the soluble portion discarded. 

Five random copolymers were examined containing between 3 and 17 
moU butene (Bi-B 5 , see Table 1) and two random copolymers Ei and E 2 
containing 3 mol % and 6-5 mol % ethylene respectively. Three other copoly! 
mers with ethylene were examined. These were made by first polymerizing 
propylene to homopolymer before introducing the ethylene to make random 
copolymer during the subsequent polymerization. The initial polypropylene 
portion amounted to 15% or 30% by weight of the final polymer The data 
on the copolymers Ei-E 5 are also included in Table 1 

In the butene series of copolymers a very small amount of homopolymer 
n, a y ° r h ? t0tal P oI y mer > was Polymerized before the butene was 

Itnt m r Ur u° f thCS ? c °P 0, y mers ' 311 c*cept B«, contained a nucleating 
agent None of the copolymers with ethylene contained a nucleating agent 
Unfortunately no directly comparable homopolymer was made at the 
,Sh!T ""^V^f* 1 conditions but a typical commercial polypropylene 
(pp) has been inc uded for comparison, and also a blend of the same propylene 
homopolymer with 4% of high density polyethylene (pp/e) made by mixing 
the homopolymers as powders and milling into a crepe. 
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y-CRYSTAL-FORM IN RANDOM COPOLYMERS OF POLYPROPYLENE 



Determination of comonomer content 

The proportion of comonomer present in the samples was determined 
by M. E. A. Cudby of these laboratories by infra-red methods which will be 
published separately. It was shown that the ethylene was present mainly as 
-(CH2)n- sequences where n — 5 or 7. The average length of the butene 
sequences is not certain. 

Table 1 Degrees of crystallinity and percent y developed on slow cooling 

Sample Comonomer Cryst. % y %* Cryst. % y %* 

(cooled from 160°C (cooled from 190°C 





(Wt%) 


(Mol%) 


at 6C°/h) 




at 6C°/h) 




pp 








70 


0 


69 


7 


pp/e 


ethylene 


4 


6 


70 


0 


62-5 


0 




blend 














Bi 


butene 


4 


3 


60-5 


20 








(random) 














B 2 




7 


5-5 


58-5 


32 






B 3 




10 


8 


52-5 


39 






B 4 




12 


10 


50 


48 






B 5 




20-5 


17 


40 


7 






Ei 


ethylene 


2 


3 


60 


22 


59 


33 




(random) 














E 2 




4-5 


6-5 


57-5 


46 


53 


52 


E 3 


(15%PP)t 


3 


4-5 


57-5 


24 


55 


37 


E 4 


(15%PP)t 


4-5 


7 


53 


34 


52 


38 


Es 


(30%pp)f 


5 


7-5 


57-5 


31 


50-5 


27 



* % of total crystallinity (a + y) not of whole sample 

t Proportion polymerized as propylene horaopolymer before ethylene is fed to give random copolymer 



Crystallinity determinations 

These were carried out by methods basically similar to that of Natta 10 . 
x-ray diffraction scans were obtained with a Philips PW 1010 diffractometer 
with Cu-Ka radiation and pulse height discrimination and working in trans- 
mission. A straight background was drawn in between 4° and 16° of 6 and 
the diffraction scans were then divided into areas attributable to diffuse 
scatter from the amorphous regions (A) and to sharp diffraction peaks from 
the crystalline regions (C)as shown by the dotted lines of Figures la and lb. 
The crystallinity was calculated as C/(C -f A) with no corrections. The 
object was to place samples in order of crystallinity and show trends in 
crystallinity. Naturally the method is not claimed to be absolute. No polymer 
in any case is a simple two phase system of crystalline and amorphous 
regions and the determinations are further complicated by the presence, of 
two crystal forms. Close comparisons are not valid when different proportions 
of the two forms are present. 



Determination of a- and y-forms 
The x-ray diffraction patterns of the a-and y-forms were described in 
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^^^^SSSr^i b «! «* third strong reflection 
is replaced by a line at 4-42 K The'rS^ " abSCnt m the y - form and 
total crystallinity (not oTtta It?! Is^J^^T^l ° f ° a " d y of the 
relative intensities of these tw 1 ne mS » '5 Quoted are based on the 
two samples, one wholly Ifom a„ d th? Stl X fc Sf aCt ? metcr scans of the 
overall crystallinity ffi w JSSLST * y ' f ° rm and both with 
amorphou^aboveU^b^ 




Figur 



IO 

9 (degrees) 



(«.<c>.(d).^^^ («) -"form; (c) ,fonn : 

o . /5, respechvely, derived graphically from (a) and (e) 

^^S^SiSS^ 1 a ^l™ ° f 6 °% C ^ taI "'n'ty with 
above hadJ^JSZ^^^^* one ha.f of the intensity 
at suitable intervals of l^SSS^fP"^!* of the «*rm«i 
scans were obtained for «/y Si?7?Sd 7?^ '"/^ /ft Simi,ar 
The heights //„ and H of tlie a and v -Jl ^ (SCe F * Wr " 7 * and ld )- 
Figure 1 and "the quantity H 35 shown in 

crystallinity (Figure \ y/( " y) plotted a S ainst the percent y 

From the graph the proportion of y-form could he nhf a • 
specimens by measuring j* and U il ttH obtained in experimental 

the line AB was used fs I S se hne i ^IT* ^ £ he ^Polation of 
always well resolved from ^l^fc^^ j^"" » is , ™ 
- Poorly crystalline specimens.) tUSSSk^j ffl 
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y-CRYSTAL-FORM IN RANDOM COPOLYMERS OF POLYPROPYLENE 
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was obtained by mixing together the finely divided all-y and all-a polymers 
in the proportions 50:50 and 40:60 and 60:40. y-form determinations from 
the x-ray scans of these mixtures are marked with crosses in Figure 2 and fall 
close to the line obtained graphically. 

This method differs slightly from that used by K. D. Pae 11 who, in the 
investigation of y to a conversion in high pressure crystallized polypropylene, 



IOO 




0-5 IO 
H Y /(H a + H Y ) 

Figure 2 Percent of total crystallinity in y-form vs. H y / (H a -f- H y ) 
(see Figure 1) 

took the proportions of a and y equal when the height of the a and y peaks 
were equal and from that of Morrow and Newman 4 who regarded them as 
equal when the height of the y peak was twice that of a. 



Preparation of DSC and x-ray specimens 

Specimens for dsc examination (10 mg) were cut from thin films to fit 
the standard aluminium pans (£ in diameter). The films were obtained by 
pressing, at 210°C, the powders as originally made and cooling at a moderate 
rate. 

In some of the experiments the specimens were first slowly cooled at 
6C°/h from 160°C or 190°C. Specimens of the polymers to be compared were 
placed in their aluminium pans in cavities of suitable size cut in a brass block 
sealed by a thick brass lid. The whole was placed in an oil bath heated to the 
temperature from which cooling was to start. The mass of metal reduced the 
temperature of the bath and slow heating was continued until the desired 
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heating process took some IS, 2 £'^5 It" . '^'"^ediately.Theftnal 

The high thermal conduct v ty and heat caoacitv of th, ki i J 
thatall the sample, at differed parts JtSZt^ZtL^. T'"", 

crystallinity determinations to ensure iafmr Lh v f ° r X " ray 

Differential scanning calorimetry 
Differential scanning calorimetry was carried out with a Perkin-Elmer 

Lh vh o - r °J . 1116 tem P er ature scale error and the lag in recordine 

h« f T S fr0, V the rC,ative positions of the temperature senso" and thl 
base of the sample pan; this lag varies with heating rate. Sta 
been made for thermal lag through the sample which only amount to ~1 ° ? 
Owing to the particular characteristics of the P,rtin pL„ . . 
correction, to the ,e mp . rature ^ £t£S5^2E££ 

hea"!^ e rf^l^"?''"-'''" ,he di » era " s »e,t„'b,aT/d 
ch«,„»!M ♦ I /min - Inve stigations using slower and faster rates 

showed that no significant recrystallization occurred during scannS The 
approximate correction was - 4°C at the melting point oHnd Z 7l56 ?C) 
and the temperature scales shown are correct at this temnerat „»T tL } 
object has been to present an entirely consfsten s e of Ss To feaCe 
comparison between different dsc curve.: all th~ cZll i I 10 ,aci,,tate 

RESULTS AND DISCUSSION 
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y-CRYSTAL-FQRM IN RANDOM COPOLYMERS OF POLYPROP YLENE 

were obtained after continuing heating to 230°C holding fnr S m.« 

at 16C 7 min to room temperature and then reheat Ete Sis SSff 

hzation exotherms recorded during cooling are given in Table 2 * 

The similarity in crystallization and melting behaviour between th.c 
copolymers and the stereoblock fractions obtained from homoSers by 







Temperature (°C) 



SO 



(th.ck hnes); from 230°C at ]6C°/mi„ (dotte ^ £g 160 C 

The wde melting ranges observed after slow coolingVom l£? shot 
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150 IOO 
Temperature (©c) 



|f ; : 

Ml 

I 1 



^!X£5^ "lend with polyethyIene 

160-C (thick „m and fron, M<^££t£J!^fi^ {£ h £™ 
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E 3 



50 



nd with polyethylene 
wlingat6C7hfrom 
- /min (dotted lines) 



that the polymerization method adopted has resulted in copolymer chairs 
with a wjde distribution of isotactic polypropylene sequence lengths which 
on slow coo ling, crystallize at different temperatures to give crystallites of 
different thicknesses and perfection and hence different melting points The 
high melting peaks at ~170°C show that some chains of very long isotactic 
sequences (either similar to those in normal propylene homopolymer or 
containing very few interruptions by comonomer units) are present in all 

Table 2 dsc exotherms on cooling from 230°C at 16C°/min 



Polymer 



T.CQ 



Tc(°C) 



Peak height^ 



Peak width * 



pp 

Bi* 

B 2 * 

B 3 * 

B 4 

B 5 * 

Ei 

E 2 



117 
120 
118 
115 
103 
112 
108 
106 



112 
113 
111 
107 
85 
102 
96 
90 



7-3 
6-3 
5-4 
4-2 

2- 8 
11 

3- 6 
2-6 



3- 2 
40 

4- 5 
4-6 
7-7 

v. wide 

7-5 

10 



T. start of exotherm as defined by clear departure from base line; T e peak of exotherm 

• contains a nucleating agent 

T in arbitrary units 

J in °C on DSC trace, at half height 

polymers but, as expected, are much fewer in the copolymers with the 
highest comonomer content. The very small peak at 168°C present in the 
most highly modified copolymer B 5 is due, at least in part, to the 1-5 7 of 
homopolymer present, as already mentioned. 

As comonomer content increases the proportion of polymer melting at 
progressively lower temperatures increases. This is accompanied by 
increasing amounts of y-form which must have developed from chains of 
progressively shorter, but still crystallizable, polypropylene sequences The 
proportion of y-form developed in B 5 , the copolymer containing the 
highest proportion of butene (17 mol%), could not be determined because of 
the changes in the polypropylene x-ray spacings due to lattice expansion and 
to the presence of some polybutene type crystallinity. The development of 
polypropylene and polybutene phases during copolymerization with highly 
stereospecific catalysts when the butene content exceeds about 20 V by weight 
has been described previously by the author 7 and also by Coover et a/s 

The object of starting the slow cooling process from 160°C, that is from 
below the maximum melting point of polypropylene, was to prevent complete 
melting and so leave some nuclei or crystallites on which crystallization could 
start immediately on cooling. The chains with the longest isotactic poly- 
propylene sequences would then be expected to crystallize first, then, as the 
temperature drops, those with progressively shorter sequences thus effecting a 
fractionation on a chain structure basis which is reflected in the melt distri- 
bution on reheating. 

Lower final melting points and therefore much narrower melt 'distributions 
are obtained by cooling from I90°C, even in the homopolymer and blend At 
this time and temperature in the melt, nuclei are evidently effectively destroyed 
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desttoyed" Rap-arc that hi ,£ =™P«'«u re nuclei are known .„ be 
melting point. Hence these conditions are much • i ™ ,ar 

KM. J CrwdMg end % , d.,.^ ,„ & urefcr ^ ^ ^ 

Holding Cool- " 

Z. X. X r ' ( ° C) r ^ C > ^ XT DSC reheat 

(C7min) (°C) m//f * >W m>. 



16 160 



0-5 
16 





10 min 


0-5 






16 




16 h 


0-5 






16 


230 


5 min 


0-5 






16 






64 


160 


10 min 


0-5 


160 


0 


0-5 




0 


64 




1 h 


0-5 




16 h 




162-5 


0 




165 


0 






16 h 




170 


0 





% 


immed. 




54 


123 


110 


49 


103 


89 


48 






57 


immed. 




48 




55 


121 


104 


50 


121 


112 


55 


106 


90 


48 


90 


74 


45 


immed. 






immed. 




58 


immed. 




immed. 






immed. 






immed. 






immed. 




57-5 


immed. 






—135 


124 


55 



55-5 5b 



JD UJ > 110 49 44 fA/ri.«k_n 

64 103 89 a* JZ Washed) 

52-5 5c 

45 5c (dashed) 

31 5d 

19 J</ (dashed) 

42 5e 
7 5e (dashed) 

4 ,60 , 0m in "05 immed. " 45 ° , 

0-5* 160 O f\.t : J „ 

41 6b 

6b {dotted) 
6c 
6d 
6e 

63-5 6/ 

6/ (dashed) 
45-5 6g 



T, start of exotherm as defined by clear departure from baseline; T e peak of exotherm 

•Heated 16C7min to 140°C then at 0-5 C7min 

of cooling from 160°C instead of 190°C is evirW fr^ it- 

differences are brought out by cooling from 160°C aist ™'°ns. The 

of E h 3 6 E 4 e and ne S ^SJ? * ^ i,,UStratCd by the me,t distributions 
ui r,4 ana t 5 . ihe endotherms accurately reflert th* ^r««^;*- r 

eompanson i« mus, be no,ed ,ha, U* .MnTcSS l oi T^fdnm 
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7" CRYSTAL-FORM IN RANDOM COPOL YMERS OF POLYPROPYLENE 

T : ■ 

copolymer portions are higher than the overall contents given in Table I The 
7-5 mol% ethylene in E 5 is equivalent to about 9-5 mol% in the random 
copolymer portion. 

Where high density polyethylene is present as a separate phase as in the 
blend pp/e it is shown as a distinct endothermic peak at — 130°C Low density 
polyethylene is shown as a peak at ~1 10°C Slow cooling from 160°C effects 
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Figure 5 dsc heating curves of E 2 samples: (a) pressed sheet, no 
heat treatment; (b)-(e) prior thermal treatment as in Table i, 
involving l'6C°/min approach to maximum temperature and cooling 
rate 0-5C°/min (thick lines), 16C°/min (dashed lines) 



the best resolution of the polypropylene and polyethylene melting peaks and 
hence facilitates quantitative estimation of the proportion of crystalline 
polyethylene present. This may most readily be carried out by comparing the 
areas of the polyethylene endotherms with those obtained from a series of 
calibration blends slow cooled under the same conditions. 
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EFFECT OF THERMAL HISTORY ON MELTING POINT DISTRIBUTION 
AND DEVELOPMENTS y-FORM 

The results given in Table 1 for the E series of copolymers show that the 
relative proportions of o- and y-forms developed in each copolymer varied 
with the temperature from which slow cooling was started. Since the overall 
degrees of crystallinity are not very different it is clear that some chains can 
crystallize m either the a- or y-forms. Copolymer E 2 was therefore selected for 




ISO 



lOO 

Temperature (°C) 



50 



Figure 6 dsc heating curves of E 2 samples given prior thermal 
treatment as in Table 3, involving slow approach (4C°/min and 0-5C° 
min) to maximum temperature 

498 



a 

th 

lir 

Fi 
di 
d £ 



M 



r 



JUTION 

that the 
ler varied 
le overall 
hains can 
iected for 



y-CR YSTAL- FORM IN RANDOM COPOLYMERS OF POLYP ROPYLENE 

fhTf M detai,Cd StUdy ° f the effect of rate ^ bating to the holding temperature 
he holding temperature itself, and the cooling rale, upon the overXcrvstal ' 
hnity and amount of y developed and on the melt distribution? reheaS 
Figures 5 and d show dsc traces of E 2 copolymer film wh ich had undergone 
different pnor thermal treatments as indicated in Table 3. Table iTlso gives 
data on the crystall.zat.on exotherms recorded during the cooling process 

Melting point distributions 
It will be observed that, irrespective of holding time or cooling rate the 

be n heTtSf, S , Pl f yi r 8 melti " g at ~ ,70 ° C are those wS had 

been heated fairly fast to a temperature where melting was not complete and 
then at the slowest possible rate available (O-SC'/min) to 160°C Th7s effect 

of1h^ XPla , ,ne , d 35 f ? ll0WS - Du " ng heating > formed from cE 

of short .sotact.c polypropylene sequences will melt and those with longe 
sequences can recrystallize to form more perfect thick crystallites The ex"fn 
of th« 'morphologtcal rearrangement' will be very dependent upon the heating 

nri H K y u *" T* there ta enough time for crystallites ,0 be devel 
oped which are suffic.ently perfect to be stable at 160°C. These crvstallites 
w,H act as nucleating agents during subsequent crystallization on coohng 

As^een m" %S?2 * 0 " the subse « uent siting behaviour. 

As seen m Figure 67> immediate cooling at the fast rate of 64C°/min gave 
a smal er peak at a slightly lower temperature than cooling at 0-5 T"/mi„ 
The latter gave a melt distribution resembling most closely that obtaS 
after the standard slow cooling in the oil bath {Figure i^Longer tSng 
times, up to 16 h, increased the size of the upper peak slightly and ncrea ed 
its emperature. All chains potentially able to product ^StaS^S 
melting point > 170°C appear to now have done so cr y sta,,in,t y Wlth 

heated e t? C ! 6 ° 2 f S hi ^ e / h °! di ?fn^ mperatUre WaS a,so examined - E 2 was 
medilfv Jt * f nd J 7 ° C at °- 5C °/min and then cooled i m - 
mediatdy at the same rate. The dsc curves are shown in Figures 6e,f, g Up 
to 165 C the upper melting peak increases in temperature but decreafes iE 
size. After heating to 170°C it is no longer observable- crvstaSon h« 

IWK^f^ SUP r C0 K° ling aS ShOW " ^ the e3: Speak" 
cw ; u ° tr t CCS ° bta,ned While coolin 8 from lower temperatures 
show no such exotherm although the crystallinity developed is hkhe This 
is consistent with crystallization starting immediately on cooling and 
continuing gradually. There is no sudden change in dH/dt to be ecoroed 
as a distinct exothermic process. recoroea 

Nevertheless complete order cannot have been destroyed at 170°C because 

".owe 0 n rcrS ^T*' peak ^rJLVS^SZ 

of 1 55-C • anH • Thls ,s re f flec L ed ln the peak melting points on reheating 
ot 155 C and 148 C respectively (Figures 6g and 5e) 

Figure 5 shows that, at the faster initial heating rate of 16C°/min all but 

Ito'C Inn" am0Unt „ 0f C T taUinity in the E * c °P°'y m er film iTmelted i a 
160 C and only small peaks of melting point >170°C are .ecorded after 
subsequent cooling. It is also noticeable that more crystalli es of hi/he 
meltrng point (..e m the approximate melting range 1 50-1 70°C) are developed 
on cooling immediately 0 5C7min from 160°C than after holding for bn^er 

499 



A. TURNER-JONES 



times. In other words the balance between- growth on nuclei present and 
their dispersion due to thermal motions is in favour of the latter, in spite of 
160°C being well below the maximum melting point of an appreciable pro- 
portion of the polymer. The destruction of nuclei with increased holding 
time is also shown by the lower temperature of crystallization on cooling at 
16C°/min. 

The above results explain why the particular thermal pre-treatment we have 
adopted as our standard procedure involving slow approach to 160°C was 
effective as a chain structure fractionation procedure. Figures 6b and tf/show 
that for E 2 the upper peak is related in temperature and size to the temperature 
from which slow cooling is started. For copolymers more highly modified 
than those discussed here, melting may be complete at 160°C and cooling 
would then have to be started from a lower temperature to prevent super- 
cooling. We have found that 160°C is normally the best compromise when 
comparing different polymers. 

In a later section it well be shown that annealing at a temperature below 
160°C causes some recrystallization to polymer of higher melting point. 
Clearly a slower rate of cooling would produce a more perfect fractionation 
but for routine analysis we have found that the procedure described provides 
the best compromise. 
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Development of y form: morphology of mixed a- and y-forms 

The results given in Table 3 show that after heating fast (16C°/min) to 
the holding temperature: 

(a) The proportion of y developed decreases as the rate of cooling increases : 
fast cooling from 230°C gave a-form only. This is consistent with 
earlier observations on the homopolymer stereoblock fractions 1 which 
gave a-form only on quenching from the melt. 

(b) At corresponding cooling rates more y is formed on cooling from 1 60°C 
than from 230°C 

(c) Longer holding times at 160°C decrease the amount of y-form on cooling. 

Development of y-form is therefore favoured by slow cooling but more 
particularly when some crystallinity or order is left in the melt as discussed in 
the previous section. 

Fractionation studies described in a later section show that the high 
melting peaks at ~ 170°C represent melting of a-form crystallites. On cooling 
at 0-5C°/min from 160°C a smaller proportion of y-form is produced after 
approaching this temperature slowly (0-5C o /min) than at the faster rate 
(16C°/min). Comparison of the relevant dsc traces shows that this can be 
attributed to the development of the large a-form peak of Figure 6b which is 
not present in Figure 5b t i.e. to the preferential crystallization into the 
a-form and y-form, respective ly, of chains containing only a small proportion 
of ethylene units. Similarly more y forms on cooling at 0-5C°/min from 165°C 
because no large a peak is developed, (Figure 6f). It appears that the maximum 
amount of y is formed when a high proportion of crystallites melting in the 
range 1 50-1 70°C are present, as in Figures 5b and 5/(thick lines), but no large 
a-form peak. The proportion of y-form decreases again on cooling from 
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V-CRYSTAL-FORM IN RANDOM COPOLYMERS OF POLY PROPYLENE 

17<TC because more order in the melt is destroyed and fewer crystallite* 
in th.s melting range are developed (Figure 6g) crystallites 

At this stage it is only possible to provide a speculative explanation for the 
above results. Crystal growth into a- or y-form may occur bydfiSStaS 
into either a- or y-forms and by growth on to existing a-form „y S ta,l es 
either m a-form or in the y-form by epitaxial growth "ystall.tes, 

Evidence for epitaxial growth between the a- and y-forms has been oro 
v.ded by Morrow* who showed that individual singfe cryTuh ma£ from 
very low molecu ar weight propylene homopolymefs by solution crystaN 
hzation can cons.st of regions of a- and y-forms. This is attributed o the 
clo e relationship between the packing of the left and right handed helices 
of the a- and WW.*.*. The crystal lamellae are formed from extended 
chains so that the question of chain folding does not arise 

Kardoss has shown that normal highly isotactic polypropylene crystallized 
in the y-form under high pressure, converts to a-form on h^tTng by a sS- 
sohd crystal phase transition. As high pressure crystallized y-form has been 
hown to consist of folded chains*".* and not cxtended c £j™ f * * C " 
thene, it follows that the fold planes of the two forms must be closely related 
Evidence has been provided that the fold plane of the ^form l t£ t 
plane".! so that the fold plane of the y-form is likely to beTe crySallo 

SowW Cl0Sdy re H ted aC P ' ane (see figure 10 of Terence 1). E^Sal 
growth of y on a and vice versa is therefore extremely probable in high 
molecular weight polymers even where chain folding is involved * 
? We haVe ,!° CXp,ain Why the max ™um amount of y-form is 

SSE Mtin^Z 1 t P h r °r POrti0n ,° f a - f ° rm CryStallites -eltin'g above 
a J the melt before cool 'ng. and when cooling is carried out 
under conditions wh ch yield the maximum amount of cryfta )i es melS 
in the range 1 50-1 70°C (see Figures 5b and 6f). > sia »»es melting 

On slow cooling from a melt in which a little a crystallinity is retained 
crystallization can start immediately on these crystallites. As 2 temperate 
drops chains of progressively shorter sequence length can crysTamze bv 
lateral addition to the folded chain lamellae but with progress SSSte 
fold lengths. This type of overgrowth has been observed in single crysSs 
grown from solution as the temperature is lowered". These overSowths are 
hkely to be initially in the a-form from chains of the longesUsoS poly 
propylene sequence but may be epitaxial growths in the y-form as more 
highly modified chains crystallize. Meanwhile more nuclei wilfform whk^ 
will be more likely to be y-nuclei as the chains forming the nuclei have 
progressive y shorter average sequence lengths. It is known that stereoblocJ 
fractions with isotactic sequence lengths below a certain (unknown) average 
give y-form only on slow cooling from the melt*. It is also possible Sal ordS 
remaining ,n the melt, as opposed to true a-form crystallites, may predi° P Se 

low degrS Y ' nUChl ^ Ch3inS m ° dified by CO P° ,ym ^ "nits to only a 

nul^r r SS,b,e that ,T 3,1 thC m ° St high 'y isotactic ch ^ns which will " 
ZSlf '^^^^^^^"""inthea-formonlyarefirstcrystallized 
and therefore removed from crystallizing phase, then further new nucleauTn 

Preferemia,, y in the V-form. This might also fa^Xm 
epitaxial growth on ex,st,ng a-crystallites. In this way the maximum amoum 
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of y-form can develop with the minimum interference from new a-form 
nuclei. 

If, however, crystallization by slow cooling is carried out under conditions 
which ensure that nuclei or order are first destroyed, then crystallization 
develops from nuclei formed at a much higher degree of supercooling as 
discussed in the previous section. At this temperature both chains with the 
longest polypropylene sequences and the more modified chains nucleate and 
grow simultaneously. A large number of a-nuclei might then be formed from 
the former, favouring further overgrowths in the a-form and therefore 
decreasing the y content, as observed. 

As crystallization proceeds, and since the sequence lengths even within one 
chain are likely to vaiy, parts of chains with the shortest sequences may be 
excluded from the growing crystallites and be incorporated at lower temp- 
eratures into other crystals of shorter fold length and lower degree of per- 
fection or as fringed micelle growth. 

Fast cooling complicates the picture still more because development of 
a-form is now favoured even in the more highly modified chains. It is possible 
that there is a temperature above and below which direct nucleation occurs 
preferentially into y and a respectively. 

Crystallites of the same melting point may be formed from chains of 
different sequence length in either the a- or y-forms depending whether growth 
occurs on existing crystallites or by direct nucleation. Hence we should not 
expect to find a clear temperature demarcation in the dsc remelt endotherms 
below and above which all the melting crystallites are y or a respectively. 
At low temperatures y-form melting predominates. We have attempted to 
follow the melting of the two forms by running x-ray diffracto meter scans at 
different temperatures. In a sample of E 2 slow cooled from 160°C, y-form 
started to melt first as expected but in the middle melting range recrystal- 
lization to polymer of higher melting point occurs because the rate of 
scanning is necessarily slow. This complicated the observations because some 
conversion of y-form to a-form was also involved as described in the next 
section. The y-form had completely disappeared by 145°C but the a-crystal- 
linity increased slightly over this range. Conversion to a-form of y-form made 
from homopolymer by high pressure crystallization has been discussed by 
several authors 2 - 11 > 14 > 19 . The mechanism of conversion will be discussed by the 
author in relation to these copolymers in a sequel to this paper. 
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FRACTIONATION OF PROPYLENE-ETHYLENE COPOLYMER E 2 

None of the copolymers so far described has been crystallized entirely in 
the y-form free of a-form. The solvent fractionation of propylene homo- 
polymers 1 only yielded very small quantities of stereoblock polymer crystal- 
lizing entirely in the y-form. Solvent fractionation of the copolymer E 2 , the 
one yielding the highest proportion of y-form, was undertaken with a view to 
obtaining larger quantities of polymer which could be crystallized in the 
y-form only, to permit a more detailed investigation of the y-form crystalline 
morphology and to provide material for attempts to grow single crystals 
which would help to confirm the unit cell postulated 1 . This work was carried 
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developed at 165? whil ^ the Li I ^ UPPCr meltin S P« k 

.^^t^tL%^^^ t ^ 1 STT n endotherm > wel1 

were melted at 1 50°C and StalHzed o n ™ ™ SCqUence chains whicI » 
was reduced from 50% toT^du "ng SfcSSS? Pr0P ° rti<>n ° f ^ 
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only a trace of y-crystallinity while, as expected, the degree of crystallinitv 
had been increased. The absence of Worm from the residue showl tha the 

aT 2^2: " 172 °^ (CU T A) r WhiCh rCmainCd UnChan * ed 

at 150 C was originally in the a-form. 6 

nr,Wnv d H Cti ? n in P r °P°; tion °f V-form during annealing is probably 
primarily due to conversion of y to a of higher melting point but may Dart v 
be due to the subsequent fast cooling from 1 50°C which Lourslvelopmem 



Table 4 Data on fractions from copolymer E2 



DSC Curve 
{Figure 7) 


Crystal- y-form 
Iwty (%) (%) 


Weight 
(nig) 


Ethylene 
(wt %) (mol %) 


A, E 2 unextracted sc* from 
160°C f 

B, A held at 150°C for 16h then 
rapidly cooled 


58-5 
53-5 


50 
25 


1000 


4-5 6-5 


C, hexane sol. fract. from 
B — as recovered 
— sc from I60°Ct 


425 


0 
90 


166 


—13 18 5 


D, heptane sol. fract. 

from B — as recovered 

— scfrom 160°Ct 


51 


0 

92 


475 


~4-2J 6; 


E, residue after heptane 
extraction 
— sc from 160°C 


72-5 
68 


trace 
25 


355 


—10 15 



• se-slow cooled f at 6 C'/h t by difference 



of a-form as previously discussed. Both the hexane and heptane soluble 
polymers were found to be in the a-form after recovery from solvent, but 
showed over 90% y after slow cooling from 160°C. The heptane so uWe 
fraction was still well crystalline (52-5%) so that the object of obtaining 

Ltl^HT 6 f f °T ng WC " CrySta " ine y - f0rm onl y had bee " substantially 
achieved. The infra-red spectrum of this fraction was obscured by aromatic 

l ^°?\ZT nt m thC h ! ptane USCd ' but b > difference c ontained about 

fraction XwZT'^V*?? V m ° ,% in the hexane ^lublc 

whe n - 5 Z/'i Th e T ^ W PrCSent " - <CH2) "- Se ^ ences 

where n - 5 or 7. The heptane soluble fraction was of high molecular 

from i 6 8h,y ° riemed CrySta " ine fibrCS in the a ' form were 

Twenty five percent of y-form was developed in the residue after slow- 
cooling, agam from 160°C, thus providing additional evidence that this 
fraction contained chains capable of crystallizing in either a- or y-form 



ATTEMPTS TO GROW SINGLE CRYSTALS AND MORPHOLOGY 
OF BULK POLYMER 

Attempts were made to grow single crystals in the y-form from the hot 
heptane soluble fractions described in the last section and also from the 
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y-CRYSTAL-FORM IN RANDOM COPOLYMERS OF POLY PROPYLENE 

unfractionated copolymer E 2 . With heptane as solvent a-form only was 
obtained on slow cooling and by isothermal crystallization. Similar experi- 
ments with 5% solutions m polyethylene wax*° and an ester wax were also 
unsuccessful ; even 50/50 mixtures developed no y -form on slow cooling 

a nuxtures with a Practically amorphous polypropylene wax 

made at 170 C and cooled at 6C°/h and lC°/h yielded 40% y n I 50V v 
respectively, ,n the residue left after extraction with cold hexane. Isothermal 
crystalhzation at temperatures between I20°C and 130°C also yielded some 
a?/* V T hexane ,nso,uble residues were dispersed ultrasonicallv 
and then examined in the electron microscope. No evidence of single lamellar 
crystals was obtained although y-form electron diffraction poX paTtern 

smaLSs S ° me fra8mCntS Which WCre theref0rc a ^ ates 5 

Specimens for examination of free surface and fracture surface morpholoev 
were made by isothermal crystallization of E 2 under the condSs g ™ 
(5?V?» ^ St t teXtU ^ de f tail was obtained by crystallization at 125°C 
( \& Y \ Re P |, . c f t I lon of A * free surface revealed a mat-like array of 'ropes' 
-200 A in width with a longitudinal periodicity of -200 A Fractured 
surface replication indicated a 'pebbled' structure 500-1000 A in diameter 
possibly made up of smaller units -200 A in extent, but no dear amellar 
structure was seen. Further heating of this specimen at 125°C for 5 h with a 

is: rrpSgy" 6 lame,lar structure resuited in n ° chan * e in *■ 

The bulk crystallized specimen was disintegrated using the nitric acid 
selective oxidation procedure". Electron diffraction studies of the debris 
again only gave y-form powder patterns. For comparison, similar disintegra- 
tion was carried out on a propylene homopolymer crystallized into a-form 
sothermally at 125°C under the same conditions. This gave sufficien iTy 

nhlf rag r? tS K t0 K enable , We " defined Si "g le cr y stal elect ™ diffraction 
photographs to be obtained. 

All evidence suggests that these propylene copolymers crystallized in the 

£SKS snw11 crysta,lites ' the lateral dimensions of 

matlvat JffiT 'fntl'rl^ ~ 6 m ° 1% eth y lene P resent 

mainly as -CCH 2 ) 5 - and (-CH 2 ) 7 - sequences, then the propylene sequences 

will on average be 50 monomer units long, capable of forming -17 helica 

turns m a 3 X helix corresponding to 1 10 A. Such short sequences are not likely 

S a 0 tThe d oT" 3 , 6 ' if ° f Unif0m length and the ^hylene units 
™™f °' dS - 11 a ' SO appears that the chains wi th longer poly- 

propylene sequences present in E 2 (only 1-5 mol% ethylene was present in 
the residue after fractionation) are also unable to develop good lame lae 
even after annealing. It is not yet possible to say whether \hl c^tH£! 
phology involves chain folding or is of the fringe micelle type or a mixture of 

SPHERULITIC TEXTURE 

The spherulitic morphology developed in the various fractions after slow 
cooling from 160°C at 6C°/h is complicated. The texture varied considerably 
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in different regions of individual samples and sometimes spherulites were of 
mixed type and showed changes in birefringence during growth Further 
investigations, which will be the subject of a'later communication, are being 
undertaken to establish the distribution of a- and y-crystallinity within the 
textural entities when both types are present simultaneously. The principal 
features are described below: 

The heptane soluble fraction D showed well formed spherulites of positive 
birefringence which must be y-form spherulites since 92% of the crystallinity 
is y. The hexane soluble fraction C showed poorly formed sheaf spherulites 
of positive birefringence, varying in size considerably in different regions 
which must also be y-form. The residue, after slow cooling from 160°C 
showed well-formed positive and well-formed negative spherulites, both 
presumably a-form as described by Keith 22 , together with some regions of 
poorly formed positive spherulites which might possibly be produced from the 
25% y-form present {Table 4\ but may be a since it is not known how the 
y-form is distributed. The y-form may consist of very fine textural entities 
embedded in or between a-form spherulites. The whole copolymer A (50% y) 
showed small areas of well-formed negative spherulites which are likely to°be 
a-form corresponding to the high melting peak at ~ 170°C. The bulk of the 
material showed a very fine texture of small sheaf spherulites of positive 
birefringence, which by analogy with heptane and hexane soluble fractions 
are presumably mainly y-form. 



CONCLUSIONS 

Random copolymers of propylene with minor amounis of ethylene and 
butene and other comonomers made with stereospecific catalysts develop 
mixed a and y crystal forms on crystallization by slow cooling from temp- 
eratures near the melting point. The proportion of y-form increases with 
increasing comonomer content; its development is ascribed to the inter- 
ruptions in the isotactic polypropylene sequences caused by the comonomer 
units. 

The observation by dsc of the melting point distributions produced after 
slow cooling from 160°C under carefully controlled conditions, together with 
measurements of the degrees of crystallinity and proportion of y-form by 
x-ray diffraction on samples similarly prepared, offer a means at least 
qualitatively of characterizing the chain distribution present in these copoly- 
mers without fractionation. The two series of copolymers examined in this 
paper proved not to be truly random but to contain chains with widely 
varying comonomer contents. 

The method of analysis is also applicable to mixtures of homopolymer 
and copolymer, to block polymers and blends of homopolymers with minor 
amounts of polyethylene, and also to homopolymers containing appreciable 
stereoblock polymer capable of forming y-form on crystallization from the 
melt. These methods have been in use for many years in our laboratories 
for examining our own copolymers and those of unknown origin in con- 
junction with infra-red analysis. 

The ratio of y- to a-form developed in any one copolymer varies with 
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y-CRYSTAL-FORM IN RANDOM COPOL YMERS OF POLYPROPYLENE 

pretreatment and is a complicated balance-of several factors — time and 
temperature in the melt and rate of approach to this temperature, which 
involves the proportion of crystallinity or 'order' retained before cooling, and 
the cooling rate itself. 

No evidence of y-form lamellar morphology has yet been found in the 
6-5 mol% ethylene copolymer selected for special study, either in whole 
polymer or in lower melting (but still high molecular weight) fractions 
which crystallized almost entirely in the y-form, and attempts to grow single 
crystals in the y-form failed. The fractions have been shown to possess 
isotactic polypropylene sequences too short for regular chain folding and may 
contain crystallites primarily of the fringed micelle type. It is probable that 
in the whole polymer variation in sequence length, both between chains and 
within each chain, results in a complicated morphology involving very small 
crystals with chain folds of irregular length and fold surface, together with 
fringed micelle type growth. 

The relative stabilities of the a- and y-forms and the conversion of y- to 
a-form in the copolymers in relation to their crystal structures will be dis- 
cussed in a later paper. 
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ABSTRACT: The microstructures of two poly (propylenes with matched molar masses and overall defect 
concentrations are inferred from the crystallization behavior of their narrow molar mass fractions One 
poly(propylene) was produced with a MgCl 2 -supported Ziegler-Natta catalyst and the other with a 
metallocene catalyst. The fractions obtained from the metallocene isotactic poly(propylene) display a ranee 
in molar masses but each has the same defect concentration indicating a uniform intermolecular 
concentration of defects in the parent metallocene isotactic poly(propylene). These fractions provide direct 
evidence of the "single site" character of the metallocene catalyst. The variations of crystallization rates 
with molar mass reflect different chain diffusion/transport phenomena that are governed by the remnant 
™ a S! lement State ° f the melt durin 8 crystallization. The molar mass fractions obtained from the 
ZN-iPP confirm that the interchain distribution of the nonisotactic content is broad in this polymer The 
stereodefects are more concentrated in the low molar mass fractions. Furthermore, the invariance of the 
linear growth rates among the ZN fractions and the lack of formation of any significant content of the y 
polymorph, even in the most defected fraction, is consistent with a nonrandom. blocky intramolecular 
distribution of defects in the ZN-iPP molecules. In contrast to the growth rates, the overall crystallization 
rates are a direct function of the primary nucleation density, which varies among the fractions and the 
unfractionated iPPs. Hence, the measured overall crystallization rates would be correlated with nucleation 
density and not necessarily with the microstructure of the iPP molecules. The crystallization data are 
also interpreted in light of results from pentad/heptad distributions predicted by two-state and three- 
state statistical models. Parameters from the models allow the prediction of sequence distribution curves 
that could be used to evaluate each of the models as to their consistency with the crystallization rate 
data. 



Introduction 

Isotactic poly(propylene)s prepared with "classical" 
heterogeneous Ziegler-Natta catalyst systems (ZN-iPP) 
are complex because a distribution of various types of 
catalyst sites leads to a mixture of poly (propylene) 
molecules having strongly differing intermolecular ste- 
reosequence distributions. In contrast, poly(propylene)s 
prepared with the single-sited metallocene family of 
isotactic poly (propylene) catalysts (M-iPP) should have 
uniform intermolecular stereosequence distributions. 12 
The identification of types, concentrations and distribu- 
tions of stereosequences found in various poly (propy- 
lene^ is customarily carried out by 13 C NMR. Such 
structural information is important, not only as a way 
to correlate with the physical properties of these ma- 
terials but also as a means to extract information 
concerning the nature of the catalyst sites and the 
mechanisms of the polymerization processes. 

The influence of catalyst type on the microstructure 
of various ZN-iPPs has often been reevaluated as higher 
field NMR spectrometers with higher resolution and 
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sensitivity became available. 3 ' 10 In most of these previ- 
ous studies, 13 C NMR analyses of structural defects have 
relied upon analyses of either whole polymers, 2 " 4 poly- 
(propylene)s where an atactic poly(propylene) compo- 
nent had been removed after crystallization from xy- 
lene 5 " 9 or fractions from a parent ZN-iPP. 11 " 14 Some 
level of fractionation is required in the microstructural 
analyses of ZN-iPP to ensure that the NMR character- 
ization is performed on crystalline chains only without 
interfering contributions from atactic components. It 
was shown that valuable structural information can be 
obtained by studying different fractions from a parent 
poly(propylene) and analyzing the stereosequence dis- 
tribution of each of the fractions utilizing l3 C NMR. 11 " 14 
The crystallization behaviors of ZN-iPPs and M-iPPs 
have been reported in separate publications 15-21 but a 
direct comparison of the physical properties and crystal- 
lization behavior of these two types of poly (propyl ene)s, 
matched by molar mass and defect concentrations, has 
yet to be presented. It is the objective of this work to 
fractionate such a matched pair of ZN-iPP and M-iPP 
and to compare the structural and crystallization char- 
acteristics of the individual fractions with that observed 
for the whole, parent polymers. This type of study is 
needed to document the nature of inter- and intramo- 
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lecular microstructures that leads to differences in 
crystallization properties. A highly isotactic M-iPP and 
a corresponding ZN-iPP of the industrial type were 
selected. From this study, it is possible to determine in 
detail how polypropylene) microstructures, differing at 
inter- and intramolecular levels, can affect the crystal- 
lization behavior of isotactic poly(propylene)s. 

The influence of the type of catalyst and polymeriza- 
tion process on microstructures of industrial ZN polv- 
(propylene)s has been studied by different investi- 
gato ? 1 -'^-33 TREF •« and solvent gradient exSc- 
tion ' led to fractions of increasing isotacticity and 
increasing molar mass, a result that clearly indicated 
a nonuniform interchain composition of defects Thev 
also observed that most of the fractions contained 
syndiotactic mrpentads and. as in other works 7-13.24-26 
it was proposed that some of the propagation errors 
were blocky in nature. Thus, the presence of stereo- 
blocks in the ZN-iPP was inferred or suspected by most 
previous investigators and emphasized in Busico et al s 
latest work. 25 

Since it is important to identify the possibility of a 
nonrandom intramolecular distribution or blockv ste- 
reosequences in iPP chains, other types of physical 
evidence must be utilized in conjunction with *C NMR 
This is the only approach that will satisfy the ultimate 
goal of correlating molecular microstructures with 
physical properties. For this purpose, indirect methods 
must be used to identify the intramolecular microstruc- 
ture of the iPP molecule. One example is a recent 
publication in which a proposed blocky microstructure 
of highly defective iPPs was deduced by their crystal- 
lization properties. 27 

Different stereodefect distributions have been associ- 
at ?u W,th u, qU , ke different crystallization rates, even 
within a blocky microstructure. For example, in the 
crystallization process, short, isolated randomly distrib- 
uted defected blocks will act as any other noncrystal- 
line single defect, retarding the crystallization rate 
and reducing the crystallinity and the melting temper- 
a pp re . of the Refected chain with respect to a defect free 
iPP chain. Moreover, noncrystallizable long defective 
blocks will have little or no effect upon the crystalliza- 
tion properties of long isotactic blocks of the chain In 
the present work, we document the nature of the 
intermolecular defect distribution from GPC and NMR 

f„ n ni yS p S P ° f c °'l CUlar fraCti0ns of ZN and metallocene 
types iPPs. Furthermore, indirect analyses are used to 
extract the intramolecular microstructure of the ZN 
po]y(propylene)s. Focus is given to the analysis of the 
crystallization rates as a parameter that is a function 
ol the defect microstructure. 

Previous stereochemical analyses of the sequences of 
ZN fractions obtained by successive extractions with 
n-alkanes solvents were interpreted on the basis of two 
or three state models developed by Chujo. 28 Doi 29 and 
Busico et al « to simulate a mixture of poly(propylene) 

fS 5 C dUC . d by mu,tisiled Ziegler-Natti .cata- 
lysts."^ h 1S .mportant to examine both the average 
microstructures and microstructural distributions of 
Ziegler-Natta poly(propylenes) in light of their crystal- 
lization behavior. Therefore, in a separate part of this 
work.3- -3 C NMR data will be analysed utihzlng all of 
the current as well as some newly modified two state 
and three state statistical models. Each model was 
evaluated on how closely the predicted microstructural 
distributions conformed to the observed rates of crystal- 
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lization/" The various models were also evaluated on 
he consistency of microstructural changes km fraction 
to fraction for the ZN-iPP where, from fractionation 
data, the average stereodefect level was oh to 

sl^hTm ? inCreaSing m °' ar mass The resuKf a 
shght mod.ficat.on to the Busico three-state model " 
utilizing first order Markovian statistics for the sym- 
metric chain component instead of Bernoullian statis- 
tics, are discussed in the present paper. These results 
were found to be consistent with boVthe linear growth 
rates and fractionation data in addition to pred cZ 

iv e P r a o S r ed ^ N , MR P entad/ heptad distributions and 
average sequence lengths. 

in Ti^ 7°M ?pS ty % ? nonrandom distribution of defects 
™ ? a t WlU b r e discussed * the present paper 
from an analysis of the crystallization rates of The 
various molecular fractions. In addition, the crystal 

& tpp" 'Mi f molecu,ar fraction s obtained f7om a 
M-.PP, will be compared to those from a ZN-iPP with a 

5h ^tLT'pp 3 ? 6 " T ThC Va,UC o« comparisons 
7o haS 3 Sh 65 T th ? fa " that we found *• latter 
H°« 3 k ? T and Uniform intra " and intermolecular 
distributions of stereodefects. 

Experimental Section 

Dlied a bvl a i S ;n^h U ^ Cti ° 7 M ^ ^propylene)* were sup- 
the t L W, b ^ ZN;' PP wa * obtained with one of 
the latest MgCb-supported industrial catalysts, and the met- 

S^'^rll btai . ned K With a " EXX P°' Kaminsky type of 
catalyst. The molecular characterization data, as per molar 
mass molar mass distribution, and percentage of stereo and 
reg.odefects. are listed in Table 1. Only stereodefect we^ 
found in the ZN-iPP sample while bothster^a^?!-^^ 
reg.odefects were found in the metallocene iPP. These polv- 

Sffi** Were ,* 0sen both comprise tne s^me 

0. 51 mol % overall concentration of all types of defects TaWe 
also lists the peak melting temperatures of apldTy crystX 

1. zed samples and the average isotactic sequence len«n 
calculated as the average meso run length (MRL) '° 

Both poly(propylene)s were fractionated via supercritical 
flu>d extraction by the Phasex Co."." The fractionate" was 
earned out isothermally by increasing pressure in suoereritT^ 
^propane at 150 »C. Seven fraction! werTob^ained^rem S 
metallocene iPP and five fractions from the ZN-Ipp DatI 
relevant to the molecular characterization of the fractions are 
S°£E * f u ' • Sample desi g" ati °ns encode. ? 

and ^ L ^I?" 0 ^" 8 U fTr : Catalyst «" M " for metallocene 
and Z for Z.egler-Natta). f for a fraction (no T for unfrac- 

red e bv Pa -K- nt i;T t " aVe ; a8e m ° lar maSS in ^ol fol- 
lowed by K . and the total number of defects per 100 

X^Tr Unit \ For exam P' e - Mf86K0.56 stands for a fraction 
obtamed from the metallocene iPP with a weight-average 
molar mass of 86 000 g/mol and with a 0.56 mol % total defea 
concentration. ctl 

Characterization Methods. The molar masses and their 
d^tnbuuons were determined by standard gel permeation 
chromatography using polystyrenes as calibration standards 
Melting emperatures and heats effusion were obtained ina 
differential scanning calorimeter (Perkin-Elmer DSC-7) usm* 
-4 mg of sample and a heating rate of 10 'C/min. Statif 
indluT Callbration of the instrument was carried out wim 

tra7on P of n ? ad ^ e r Ptad Mquei ? e distrib utions and the concen- 
trat.on of 2.1 defects were obtained from solution "C NMR 

tubes. Only methyl resonances were employed in the deter 
™ " of Pf l^eptad sequence distributions. This avoids 
unwanted contr.but.ons from possible differences among nuclea? 
Overhauser effects and relaxation times. Here 1 5% solutions 
■n tetrachloroethane-l,2-c* were used at 125 'C. The pentad 
heptad resonance chemical shifts were based on published 
ass,gnments7 » 3s-» The stereodefect concentration was Sn 
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Table 1- Char acterization of Parent Polymers and Fractions from Metallocene and ZN-i PP 

defects (mol %) ~ ' " 

i^Elf A/w(g/mol) MJM n stereo regio total T m {-Q° MRL* 

M203K0.5 1 parent 203 900 2M oil 040 T7y " 

Mf86K0.56 86 000 1 43 or nln nfe 1550 194 

MH2IK0.50 iflZ \ll rtn * 0 39 2|S !2K 176 

MH43K0.54 143 000 , p 4 nn4 ™* 56.3 199 



MI^OUKO.46 200 000 1 23 n na n « «^ JO 1 ia4 

MR35K0.45 I35006 .24 55 038 045 !Si 216 

MO58K0.4! 358 000 1.34 0 07 0 34 0 4? S« 221 

Mf383K0.41 383 000 1.47 na" na J 1540 243 

Z263K0.5lpare.it 262 600 3.19 0 51 on ?«, , 

Zf97K1.03 97 000 1 31 in? 1614 •*> 

Zfl57Kxxx 157 000 27 JP 103 1590 91 



ZH63K0.60 163 000 r97 0 60 nfin ?«, , 

Zf204K0.41 204 000 2.15 0 41 «S? mo ' 61 

Zf328K0.36 328 000 1.77 Wo Jfi j™ 239 

avails qUe " Ched SamP ' eS " ° ^ " AV6ra8e meS ° ,en * th •" )^, MRL = ™W.5(™nmr + ^ +(2> , defect$) ,. c Data not 



as half the fraction of mmmr pentads because any stereodefect 
sequence will always have two. and only two, associated mmmr 
{-rmmm) pentads located at the beginning and the end of each 
isotactic sequence. Thus, it is possible to determine the total 
stereodefect population independently of the structures of the 
various stereodefects. 

The average meso run length (MRL), 1 0 2 1 which represents 
an average over contiguous meso sequences starting at n - 4 
for r\m)nr. was selected for the characterization of average 
sequence length of the isotactic components. This defini- 
tion precludes contributions from short meso runs such as 

— mmmrmrmmm-^ and ~ ~- - mmmnrunrmmm — — , 
which are most likely not crystallizable but are part of the 
overall stereodefect distribution. MRL values are listed in 
Table 1. 

X-ray diffraction patterns were recorded in reflection mode 
at room temperature using a Philips X'Pert PW3040 MRD 
diffractometer operating at 45 mA and 40 kV. Ni-filtered Cu 
Ka radiation was used as the source. 

Linear growth rates (G) were measured in an Olympus 
polarized optical microscope used in conjunction with a Linkam 
hot stage, TP-93. The temperature was controlled with a 
precision of ±0.1 °C. and the precision of the eyepiece used to 
measure the spherulitic growth was 0.15 //m. Photographs 
were also taken during isothermal growth using an Instant 
Polaroid camera. At any temperature the linearity of the plots 
of spherulite radius vs time and reproducibility of the mea- 
surements were highly satisfactory with regression coefficients 
higher than 0.99. The measured growth rates were also 
independent of the position of the spherulite in the specimen 
and the calculated uncertainty in the value of G was low 
(±0.01 x 10- 6 cm/s). 

Overall crystallization rates were taken as the inverse of 
the time required for 50% of the transformation to take place 
(similar to the half time rate concept). 39 The degree of 
transformation, at a fixed isothermal temperature, was fol- 
lowed by the variation of the heat-flow vs time in the DSC-7. 

Sample Preparation and Crystallization Procedures. 
Films approximately 100 firn thick were prepared by compres- 
sion molding the initial pellets or powders in a laboratory 
Carver press preset at 200 °C and were used for the micro- 
scopic and DSC measurements. Some of the ZN fractions were 
crystallized at temperatures > 120 °C in thermostated oil baths 
for analysis of crystallographic polymorphs by WAXS. For this 
purpose, plaques of 1 cm x 1 cm x 0.3 mm were molded, 
sandwiched between two metal plates covered with thin Al 
foil, and placed in a vacuum sealed tube to prevent degrada- 
tion. The tube was immersed in a silicone oil bath at 210 °C 
for 15 min and then rapidly transferred to another oil bath 
preset at the required crystallization temperature. 

Prior to crystallization in the hot stage or in the DSC. the 
films were melted at 200 °C for 5 min and cooled at 40 °C/min 
to the isothermal crystallization temperature. To maximize 
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Figure 1. Linear growth rates as a function of crystallization 
temperature for parents metallocene iPP (O) and ZN-iPP (•) 
with matched overall concentration of defects. 0 51 mol % 
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Figure 2. Melting temperatures of parents ZN-iPP (top) and 
metallocene iPP (bottom). Samples were crystallized at -10 
°C/min and melted at +10 °C/min. 

heat transfer, the DSC was operated in conjunction with an 
mtracooler and under dry nitrogen flow. 

Results and Discussion 

Comparison of Unfractionated Matched ZN and 
Metallocene Poly(propylene)s. Before results ob- 
tained from the fractions are analyzed in detail, it is 
also of interest to discuss the differences in melting and 
crystallization behavior of the unfractionated poly- 
(propylene)s. Isothermal linear growth rates and DSC 
meltings of the metallocene and ZN parents iPPs are 
given in Figures 1 and 2, respectively. At any crystal- 
lization temperature, the spherulites of the unfraction- 
ated ZN-iPP grow at about twice the rate of the 
metallocene iPP. The DSC melting peak of the ZN-iPP 
is also considerably broader, multipeaked and shifted 
to a temperature about 8 °C higher than the melting 
behavior observed for the metallocene iPP crystallites 
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Since the overall concentration of total defects in both 
poly(propylene)s is the same (0.51 mol %) and both 
chains are of similar molar mass, the differences in 
crystallization and melting behavior must reflect a 
significant difference in distributions of defects. The 
issue of stereodefects only in the ZN-iPP and stereo- + 
regiodefects in the M-iPP will be addressed shortly. 
Previous fractionations of similar industrial -type 
ZN-iPPs have revealed a nonuniform concentration of 
defects from chain to chain in these iPP s . ll - 14 - 2 2-23 
Racemic units were found to be more concentrated in 
the lower molar mass chains. However, the metallocene 
catalyst with its "single site" nature, leads to iPP chains 
of narrow molar mass distribution and a narrow dis- 
tribution of defect concentrations among chains. One 
consequence of a broad intermolecular distribution of 
chain defects in the parent ZN-iPP is that it contains a 
fraction of highly defected molecules that do not par- 
ticipate in the crystallization process. This behavior 
leads to a lower effective overall defect concentration 
in the ZN than in the M-iPP. The ZN-iPP contains 
longer isotactic sequences that will be selected earlier 
in the crystallization and lead to thicker crystallites, in 
line with the observed higher growth rates and melting 
temperatures. 

We should also consider if the observed differences 
in melting behavior between ZN-iPP and M-iPP might 
be a consequence of a different partitioning of regio vs 
stereodefects between the crystalline and noncrystalline 
regions. For example, if the stereodefects more easily 
enter the crystalline regions than do the regio-2 1- 
defects, the ZN-iPP chains, with defects only of the 
stereo-type, will be more crystallizable in line with the 
results of Figures 1 and 2. This issue has been previ- 
ously addressed by analyzing the solid state l3 C NMR 
spectra of the crystalline regions of a series of M-iPPs 
with varied concentrations of stereo- and 2,1 -regiode- 
fects. 40 - 41 Both types of defects were found to enter the 
crystalline lattice at levels that do not differ signifi- 
cantly. In addition, the similarity of the slopes that 
characterize the variation of the growth rates with 
temperature in Figure 1, are indicative of the formation 
of crystallites with very similar interfacial free energies 
in both types of iPPs. Hence, we exclude any significant 
difference in the way stereo- (predominantly a single 
inversion in configuration shown by the presence of 
mmrrmm) and regio-2, 1 -defects affect the crystallization 
of the iPPs used in this investigation. 

A confirmation of the predicted interchain micro- 
structure, i.e., homogeneous for the metallocene iPP and 
inhomogeneous for the Z-N type, will be obtained from 
microstructural analyses of molecular fractions from 
both iPPs. The nature of the ZN-iPP inhomogeneous 
defect distribution as well as a possible nonrandom 
intrachain defect distribution will be discussed after a 
detailed analysis of the crystallization rates of the 
fractions presented in the next section. 

Molecular Fractions from Metallocene iPP and 
Z-N iPP: Fractionation and Analysis of Growth 
Rates. The molecular characteristics of the fractions 
obtained from both iPPs by isothermal pressure profile 
are listed in Table 1. This technique allows solvent free 
recovery of the fractions in adequate quantities for NMR 
and physical studies. 33 - 34 With increasing pressure in 
the fractionation, a systematic increase of the molar 
mass of the fractions was also observed indicating that 
the fractionation took place preferentially by molar 
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Figure 3. Linear growth rates of iPP molecular mass frac- 
tions as a function of crystallization temperature. (A) Fractions 
from metallocene iPP. (B) Fractions from ZN-iPP. Designation 
of the fractions follows that given in Table 1. 

mass. 33 - 34 The parent metallocene iPP comprises chains 
of weight-average molar mass of 204 000 g/mol with the 
most probable molar mass distribution. From this 
polymer, seven fractions were isolated with a range in 
molar mass from 86 000 to 383 000 g/mol and with 
similar narrow molar mass distributions of 1 .3 ± 0. 1 in 
all these fractions. The data are listed in Table I. 42 Of 
relevance are the very similar concentrations of defects 
found in all the metallocene fractions, as listed in the 
fourth and fifth columns of Table 1. A small variation 
in total defect concentration from 0.56 to -0.40 mol % 
is observed with increasing molar mass. Even so. all of 
the M-iPP fractions have total defect levels that are very 
close to the 0.51 mol % observed for the parent M-iPP 
material. These results offer direct evidence that M-iPP 
chains have very small intermolecular variations among 
the concentration of defects and, thus, provide direct 
experimental basis to conclude that the interchain 
composition distribution is very narrow in the parent 
M-iPP. With such a narrow variation in the defect 
compositional distribution, the metallocene fractions 
offer an ideal series for analyzing the effects of molar 
mass on iPP crystallization, independent of the effects 
of defect content and defect distribution. This analysis 
will be reported in a subsequent publication. 43 

Well formed spherulites were observed under isother- 
mal crystallization of all the metallocene fractions and 
the spherulitic linear growth rates, measured in a 
temperature range between 134 and 155 °C, are given 
in Figure 3A. Following the dictates of kinetics theories 
for nucleation and crystallization of polymers 44 45 the 
growth rates of all the M-iPP fractions show a similar 
variation with undercooling, i.e., a decrease of the rate 
by about 100 times with increasing crystallization 
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Models for microstructure distribution in parent ZN iPP 
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temperature in the range analyzed. In addition, the 
effect of molar mass is reflected by about a one-half 
decrease of the rate with increasing molar mass at any 
temperature For example, at a crystallization temper- 
fn-6 e ,°U 4 °,n f rowth rates values < in cm/ s) of 1.68 x 
10 ,V O n 3 x 10 . ' 120 x 10 " 6 - 119 x 10-6.0.98 x 10-6 
f fcnJ? Were obtaine d for a molar mass change 
from 86 000 to 358 000 g/mol. This difference is not 
large, but it is. however, systematic and much larger 
than the estimated experimental error in the measure- 
ment of the growth rate. 

A small molar mass dependence of the growth rate is 
qualitatively similar to that reported for linear poly- 
ethylene and for other homopolymers when crystalliza- 
tion takes place at high undercoolings. 45 - 52 For example 
linear polyethylene displays a discrete maximum in the 
crystallization rate with molar mass for undercoolings 
lower than 30°. However, at higher undercoolings the 
maximum is not observed, and the change of the rate 
with molar mass is less pronounced, becoming very 
small at the highest undercoolings. The crystallization 
of the metallocene iPP fractions takes place at under- 
coolings well above 30'. Hence, the small molar mass 
dependence of the growth rate, which is observed in 
Figure 3A. fits the pattern of other homopolymers and 
copolymers." 5 -* The linear growth rates of the metal- 
locene fractions follow the expected variation for chains 
of different lengths with very similar contents of defects 
and the same random intramolecular distributions of 
defects. 

The natural logarithm of the experimental linear 
growth rates (G) of the ZN-iPP fractions are given in 
Figure 3B for a range of crystallization temperatures 
between 135 and 155 »C. The *and y axes of this plot 
are identical to the axes in the plot of growth rates of 
the metallocene fractions (Figure 3A). This consistency 
facilitates a comparative study. In analyzing the data 
of Figure 3. parts A and B. we notice smaller but still 
^ m oo a r nt difIerences growth rates of the 

Z-N-iPP fractions, when compared to those of the met- 
allocenes. No systematic variation of G with either 
™ ^T 5 * ° r concentr ation of defects is found in the 
-CN-iPP fractions. In principle, this is an unusual result 
because a strong effect of the concentration of defects 



in lowering C was reported for metallocene iPPs of a 
fixed molar mass." The same variation with defects was 
a so found in other M-iPP fractions for which the detans 
of the fractionation were not provided. Therefore, in 
the range of defect concentrations of the ZN-iPP frac- 
tions one would have expected a significantly lower C 
for he fraction with 1.03 mol % defects than for the 
fraction with 0.36 mol % defects. The data of Figure 3B 

minor hV IS 15 T C3Se: ln feCt - there a™ only 
ZnTpp £rl enCeS be r We ? n the 8 rowth rates of the 
5£ h 5r 0nS . 3t 3 fixed cr ystallization temperature. 
The differences in crystallization behavior, when com- 
pared to the metallocene fractions, likely reflect signifi- 
cant differences in the distributions of defects 
f ™ e m ° lar ma " and concentration of defects of the 
fractions obtained from the ZN-iPP. also listed in Table 

of defecrTnffh nh0m °8 ene0usinte rchain concentration 
of defects of the parent polymer. As the molar mass of 
the fractions increases from 97 000 to 328 000 g/mol 
the total defect content decreases from 1.03 to 0 36 moi 

Lo!h PeCt i Ve,y ThiS inVCrSe re,ation betw *en chaS 
n 7M pp r C ° nCentra u 0n ° f defects was als ° observed 
in ZN-.PP fractions obtained by a solvent-nonsolvent 
extraction fractionation procedure 1 " 2 and in fractions 
obtained by TREF.' 4 - 22 " Hence, quite differed types 
of fractionation studies reveal an interchain variation 
of the concentration of defects in the ZN parent that 
decreases as the molar mass increases. Neither the 
fractionation nor characterization data reveal any de- 
tails about the intramolecular distribution of defects 
IT u ^aracteristics of a defect distribution are 
probably best addressed by indirect studies of properties 
that relate to an intramolecular defect distribution. In 
this context different possible scenarios are viable and 
schematics for two of these models for the crystalline 
chains are given in Figure 4. A third composite model 
r„ £ k ?K a PPi y,nga three st ate statistical model 
to he observed NMR pentad/heptads stereosequences 
w.l be discussed ,n detail in the second part of this 

ZTJ Th f- ^ "r l l ° f thiS m0del are summarized in 
the last section of the present paper. 

In Figure 4A. a defect distribution is shown that is 
nonuniform on an intermolecular basis, but the in- 
tramolecular defect distribution is random. According 
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to this model, the defect concentrations increase con- 
tinuously with decreasing molar mass. The crystalliza- 
tion behavior of fractions from this model is expected 
to be proportional to the average defect composition in 
the melt which changes among the fractions. Therefore, 
after fractionation, much lower crystallization rates are 
expected for the fractions of lower molar mass because, 
on average, they comprise a higher concentration of 
defects and shorter isotactic sequences than the less 
defected fractions. 161719 - 40 The second possibility (de- 
picted schematically in Figure 4B) is a microstructural 
model in which the intermolecular defect composition 
is also nonuniform with the shorter chains having a 
higher concentration of nonisotactic units. However, in 
this model the intramolecular distribution of defects is 
blocky (nonrandom) with long runs of crystallizable 
isotactic sequences being present in all chains. On 
average, the second model has similar types of long 
crystallizable sequences present in all of the chains. It 
is clear that the crystallization behavior of fractions 
from this second model will be quite different from the 
behavior of fractions in the first, which has a random 
intramolecular defect distribution. In the second model, 
the overall concentration of defects also changes from 
chain to chain but the crystallization is led by the long 
isotactic blocks. The concentration of short, less crys- 
tallizable isotactic sequences is minimal compared to 
the concentration of these sequences in the first model. 
The crystallization behavior of the fractions from the 
second iPP model should be similar to the crystallization 
of a diblock copolymer in which one of the blocks is 
noncrystallizable. 

If the actual 2N defect distribution follows the mi- 
crostructural model given in Figure 4A, one would 
expect, after fractionation, that a similar crystallization 
rate should be observed for both the metallocene and 
the narrow ZN fraction with matching defect concentra- 
tions. After fractionation, the overall defect concentra- 
tion will be much closer to the single molecule concen- 
tration in both iPPs. A difference in crystallization 
behavior, however, is maintained as seen in Figure 3, 
parts A and B, where the growth rates of fractions 
MB58K0.41 and Zf204K0.41 are compared. The spher- 
ulites of the Ziegler fraction grow more rapidly than 
those of the metallocene counterpart. This reaffirms the 
idea that, even after fractionation, the Ziegler fractions 
contain longer isotactic sequences; put in another way, 
the broad defect distribution of the parent ZN-iPP is 
sustained to some extent in the fractions. Moreover, the 
fact that the growth rates of all the Ziegler fractions 
are so similar also indicates that the intramolecular 
distribution of the defects in the ZN fractions is different 
from that of the metallocene fractions. The similarity 
of the rates in Figure 3B suggests that the same 
nonrandom intramolecular distribution is propagated 
along all the molecules of the parent ZN-iPP. In other 
words, the defect distribution of the ZN-iPP does not 
conform with the microstructure modeled in the scheme 
of Figure 4A. 

The ZN fraction with the highest concentration of 
defects is also the fraction of the lowest molar mass. 
Thus, one could argue that the expected decrease of C 
with increasing defect content in the ZN fractions may 
be compensated by an opposite effect of molar mass on 
G, as demonstrated in the metallocene series. If this 
were the case, model 4A could still apply to describe the 
defect distribution of the ZN-iPP. To probe this pos- 
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Figure 5. Linear growth rates of ZN fraction Zf97K1.03 
corrected for the effect of molar mass on the rate (♦) compared 
with growth rates of ZN fraction Zf204K0.41 (O). The continu- 
ous line indicates the variation of growth rates with temper- 
ature of a metallocene-type iPP with 1.00 mol % of defects 
extracted from ref 19. 

sibility, the growth rate data of the lowest molar mass 
ZN fraction with 1.03 mol % defects were corrected to 
the values that this fraction would have if its molar 
mass is -200 000 g/mol. To make this correction, data 
obtained for the metallocene fractions, shown in Figure 
3A, are appropriate because they purely reflect the 
variation of G with molar mass independently from the 
effect on the rate of the defect concentration. Thus, the 
growth rate data of the fraction Zf97K1.03 were lowered 
by the difference in G given by the metallocene frac- 
tions in a range between 97 000 and 204 000 g/mol 
taken from Figure 3A. The corrected Cdata for the 1.03 
mol % fraction (closed diamonds) and the uncorrected 
one for fraction Zf204K0.41 of low defect content (open 
circles) are plotted in Figure 5. The data are also 
compared with published growth rate data of a metal- 
locene iPP with 1.0 mol % of defects, 19 given by the solid 
line in this figure. It is evident that the correction for 
molar mass has very little effect on the variation of G 
among the ZN fractions. The growth rates of the ZN 
fractions fall on the same line, which is positioned much 
higher than that expected had the defects been ran- 
domly distributed as is the case for the data of the 
metallocene iPP with the same 1.0 mol % defects of 
Figure 5. 

The similarity of the growth rates of all the ZN 
fractions, even after correction for different molar 
masses, provide evidence that suggests that the in- 
tramolecular defect microstructure of the parent 
ZN-iPP, as well as the fractions, could be blocky. Even 
after careful fractionation, the ZN-iPP growth rates are 
considerably higher than observed for the metallocene 
fractions. These observations offer additional evidence 
for the possible blocky nature of the ZN-iPP. As will be 
shown below in this work, the lack of formation of the 
y polymorph, which requires short isotactic sequences, 
also rules against model 4A. Hence, the results of the 
growth rates favor the microstructural model shown in 
Figure 4B. 

Additional evidence, which supports the stereoblock 
defect microstructure of the ZN-iPP chains, is found in 
the WAXS diffractograms obtained in the two most 
defected ZN fractions. We have previously reported that 
a metallocene iPP with a concentration of 1.0 mol % of 
homogeneously distributed defects, crystallized at 125 
°C, develops about half of the crystallites in the y 
polymorph and the other half in the a monoclinic form. 21 
It was also observed in our previous work that the 
percentage of y phase developed by two unfractionated 
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filSzn&KnSif raC j, 0grams of ZNiPP factions Zf97K1.03 
and ZH63K0.60 collected at room temperature after 3 days of 
crystallization at 125 °C. y 




Figure 7. Variation of the concentration of the y polymorph 

1.00 mol % overall defect concentration: (♦) metallocene type 
iPP (data from ref 21); (O) ZN-iPP fraction Zf97K 1.03 

ZN-iPPs was, at any temperature, below the level of 
detection of this polymorph by WAXS. The low y content 
t0 broad defect distribution of the 

def "75 ^ WAXS di(rra « ° f *e two most 
defected ZN fractions crystallized at 125 °C are shown 

ZfieTnfin TK f ° r Zf97K103 and Figure 6B for 
Zf 163K0.60. The intensity of the reflection at a 20 of 
20 , characteristic of the y polymorph, is low and 
corresponds to less than 10% in both fractions. The peak 
at 29- 16 is associated with the 0 polymorph, more 
abundant in the lower molar mass fraction. In Figure 

7fq7K e .Sfr entage .° f the y P hase obtained f«T *e 
Zt97K1.03 fraction is compared to the y form developed 

with increasing temperature by a metallocene iPP with 

matched concentration of defects. The content of y phase 

developed by the ZN fraction is four times lower than 
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the value of the metallocene iPP with its narrow defect 
distribution. It is basically constant in the range of 
temperatures studied. Hence, we find that at a matched 
overall concentration of defects of 1.0 mol % the 
structural requirements for the formation of the y 
polymorph are present in the metallocene iPP. but they 
are basically absent in the ZN fraction. These require- 
ments were described in detail in our previous work 21 
and are summarized in the following two major points- 
1. Chains whose microstructure leads to thin crystallites 
must be present: i.e.. there must be short crystallizable 
isotactic sequences available. 2. There must be a struc- 
ture that prevents folding in the crystal amorphous 
mterfacial region and requires tilted ordered chains to 
propagate a lamellar crystallite. The lamellar propaga- 
tion is favored by a tilted antiparallel molecular ar- 
rangement of the y crystallography phase. 53 5 < As seen 
in Figures 6 and 7. even after crystallization in a 
temperature range that is most favorable for the forma- 
tion of the y phase.*' the content of y phase obtained in 
the ZN fractions is much lower than that expected for 
a chain with a random defect distribution. The most 
characteristic reflection of the y form, that at a 20 of 
ZO . is almost absent from both diffractograms. This 
result is expected for a molecule where long isotactic 
sequences join blocks of poorly stereoregular sequences 
such as those of the ZN stereoblocky type described 
schematically in Figure 4B. V aescnoea 

From the relation between the maximum content of 
y form and the concentration of defects in narrowly 
distributed metallocene iPPs. given in Figures 8 and 9 
of ref 21. we find that 12% of the y polymorph corre- 
sponds to an average meso run length (MRL) of 220 
repeat units. This value is considerably larger than the 
average MRL of 91 units for the ZN-iPP faction with 
1.03 mol % defects and suggests that contiguous iso- 

n C rh C .7 e f2^ n , C n S r 0f * ^ 220 U " itS must be P^ent 
n the Zf97K1.0 fraction in a relatively high concentra- 
tion. As presented in next section, a modified Busico 
three-state model leads to a distribution of sequence 
lengths for this fraction consistent with these data Lone 
isotactic runs favor the formation of folded-chain crys 
talhtes in the ZN fractions and. hence, they crystallize 
preferentially in the a polymorph. In a recent publica- 
tion, the analysis of the polymorphic behavior was also 
taken as an indirect measure of the degree to which the 
defects in the iPP chain deviate from a random dis ri 
button. 

Overall Crystallization Rates. Previous parallel or 
independent studies of the linear growth rates and the 
overall crystallization rates measured by dilatometry or 
by differential scanning calorimetry of linear polyeth- 
ylene fractions and other types of homopolymers. have 
resulted in an identical temperature coefficient « «.S5.56 
In addition, these methods of measurement give identi- 
cal variation of the rates with molar mass or with 
concentration of defects. Hence, data from either growth 
rates or overall rates have been used to test for 

»°nH IrT% "u^uS^ the ° rieS of P oI y"er nucleation 
and growth. «. 51 .S2 ^ e were also interested in testing 
if the overall crystallization rates measured by DSC 
follow the behavior observed by the growth rates of the 
parent iPPs and their fractions. Furthermore, the 
overall crystallization rates apply more directly to the 
solidification rates used in industrial processes because 
the data that characterize these rates are mass or 
volume-based quantities, and the measurements are not 
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Designation of the fractions follows that given in Table I. 

limited to having to observe a specific morphological 
feature as in microscopic methods. 

nJi 16 In^l ° f the inverse of the time re q ui «-ed to 
obtain 50% of the total transformation fas), taken at 
the peak of the exotherms, is plotted vs crystallization 
temperature in Figure 8A for the metallocene fractions, 
and in Figure 8B for the ZN fractions. Different features 
are apparent from these plots. At a fixed crystallization 
temperature the variation of the overall rate among the 
metallocene fractions is not systematic with molar mass 
as was observed with the growth rates. The variation 
of the overall rates of the ZN fractions is also different 
from the behavior observed for the growth rates in 
Hgure 3B. At any temperature, the overall crystalliza- 
tion rate of the less defected ZN fraction (Zf328K0 36) 
is about three times faster than the rate of any of the 
ZN fractions The difference in overall rates between 
the more defected ZN fractions, although small, is 
directly related to their concentration of defects For 

nf hI? ; "Wlf f ? Cti0n with the hi 8 hest concentration 
of defects (of the lowest molar mass) that shows the 
lowest overall rate. 

These results can be explained by variations among 
the nucleation densities found in the fractions and 
parent iPPs. The number of spherulites that develop in 
each specimen were measured at selected crystallization 
temperatures. The data of the parent metallocene iPP 
and its fractions will be reported first. Figure 9 shows 
micrographs of the parent metallocene and selected 
fractions crystallized at 134 °C for approximately the 
same lengths of time. The spherulites are not uniformly 
distributed in most of the fractions and their rapid 
appearance and high numbers are indicative of a 
nucleation enhanced by some external agent. As seen 
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in Figure 10. parts A and B. for five representative 
emperatures the number of nuclei in a fixed volume 
follow the molar mass with the same random pattern 
as the overall crystallization rate. The latter isgoverned 
by the rate of nucleation. as demonstrated in the 
crystallization of many polymeric systems «-«.ss.57.58 
Consequently, the fractions with a higher nucleation 
density will yield a fixed level of crystal linity £S 
fractions in which fewer nuclei are formed regardless 
of the magnitude of the spherulitic linear growth ra?e 
The solid lines in these figures follow the experimental 
data and are only intended as a guide to the eye Thev 
do not represent any theoretical functionality 
Nucleants were not added to the parent metallocene 

Z^jSr"' K ferrin8 th3t What causes chanced 
nucleation must be acquired either in the polymeriza- 
tion or the fractionation process. About 0.1% of the 
antioxidant Irganox 1010 was added to the n-propane 
before fractionation. However, as seen in Figure 10A 

« nt vT a " 0Cen , e iPP - free of this antioxidant.' 
shows as high a nucleation density as the highest 
observed value among the fractions. From thi| we 
conclude that the antioxidant, which could have been 
randomly distributed during fractionation is not nucle- 
S m «a»°cene fractions. Since significant amounts 
of MAO are used as cocatalysts during polymerization, 
this agent or residues from the metallocene Catalyst may 
enhance the nucleation rate of the metallocene iPP and 
its fractions. 

7M Si .|o n ? nt difreren <*s in the nucleation density of the 
ZN-iPP fractions are also observed. Representative 
micrographs of the lowest and highest molar mass ZN 

of thrhioh re ! 1Ven , in Fi 8 ure r n - The nucleation density 
of the highest molar mass fraction is over 1 order of 
magnitude higher than any other ZN fraction. Nucle- 
ation densities and overall crystallization rates for the 
fractions are shown in Figure 12. parts A and B 
respectively as a function of molar mass, for represent 
tative crystallization temperatures. Following the nucle- 
ation density pattern, the overall crystallization rates 
show a small increase with molar mass up to 200 000 
g/mol and a large increase for the higher molar mass 

i & ?r eXamP u - 3t 3 crystallization temperature 
ot 1 23 C the rate changed from 0.34 to 0.46 min"' for 
defects changing from 1.03 to 0.41 mol % and to 1 16 
min"' for the less defected, highest molar mass fraction 
Thus, as seen in Figure 12B. the variation of the 
bganthrr. of the rate is not linear with increasing molar 
mass or decreasing concentration of defects. The highest 
molar mass, low defected fraction shows a significantly 
higher rate. We ruled out that catalyst residues may 
be causing the high rates of the ZN fraction. Large 
contents of cocatalyst residues are not an issue in the 
polymerization with ZN catalysts. Moreover, statistical 
models" predict a fraction of very long, highly isotactic 
mo ecules in ZN-iPP, which naturally will be concen- 
trated I in the higher molar mass fraction. It is reasonable 
that these very long, highly isotactic molecules (absent 
in the metallocene iPP) may persist in the melt as 
aggregates and lead to a significant enhancement of the 
"S tion k and crystallization rates. Melt memory ef- 
tL? n r a i PP59 en ° bserv ed Previously in the crystalliza- 

Zf328K(V?fi a 3,50 tested ,n lhe fraction 

Zt3Z8K0.36. A small decrease of the overall crystalliza- 
.on rate at 124 °C was found by increasing the mdt 
residence time at 200 'C from 5 to 30 min. but higher 
melt temperatures, such as 250 °C. could not be tested 
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because the sample degraded. The concentration of very 
long, highly isotactic molecules is more diluted in the 
parent ZN-iPP and the lower molar mass fractions in 
agreement with their observed lower nucleation rates. 
Thus, the overall crystallization rate of the parent 
ZN-iPP and all the fractions, except the one with the 
higher molar mass, are very similar, in line with the 
similar growth rates observed in these fractions and in 
agreement with their blocky defect microstructure. 

From the crystallization behavior of the two most 
general types of iPPs, we can postulate two different 
types of factors acting as "precursors" of the overall 
crystallization, i.e., catalyst residues and the very long 
chains present in the ZN-iPPs. These factors affect 
primary nucleation and, therefore, the overall crystal- 
lization rates characteristic of each fraction. Thus, it is 
not surprising that a correlation between the overall 



crystallization and microstructural variables is not 
found in the ZN-iPPs of this study. On the other hand, 
the linear growth rates which are independent of the 
primary nucleation rate and led by a process of second- 
ary nucleation, 44 offer a better tool to correlate with the 
structural variables of the poly(propylene) chain. These 
results indicate that caution must be exercised when 
using overall crystallization rates to correlate physical 
properties with molecular microstructure. Any other 
mass or volume based measurement of the crystalliza- 
tion of iPP, such as optical or X-ray scattering may be 
subjected to the same type of enhanced nucleation 
described in this work. 

Experimental NMR Stereosequences. Modified 
Busico Three-State Statistical Model. The defected 
pentads and heptads observed by ,3 C NMR for the 
ZN-iPP fractions and the parent ZN-iPP are listed in 
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Figure 10. A. Variation of the nucleation density with 
molecular mass for fractions (•) and unfractionated metal- 
locene iPP (O) crystallized at 134 °C for -7 min. B. Overall 
crystallization rate as a function of molecular mass for 
metallocene iPP fractions crystallized at the indicated isother- 
mal temperatures. 

Table 2. In agreement with previous studies, 7 - 11 - 22 "- 26 
we notice a nonnegligible concentration of purely syn- 
diotactic sequences (rrrrn) in all the ZN fractions 
including the fraction with the highest molar mass. In 
addition, stereoerrors of the type, rmrrrm or rmrrrr are 
also not detected. 25 The presence of the mrrrmm heptad 
indicates that isotactic blocks of opposite handedness 
are present. The most abundant defect consists of a 
single opposite configuration, -0001 000-, and is de- 
tected by the mmrrmm heptad. There are also more 
defective (mmrrmi) defects connecting isotactic blocks 
in all the ZN fractions as indicated by the normalized 
integrals corresponding to the steric pentads and hep- 
tads listed in Table 2. 

The experimental pen tad/hep tads stereosequences 
were fit with two and three state statistical models. The 
predicted sequence length distributions will be discussed 
in detail for conformity to the observed fractionation and 
crystallization rates in the subsequent paper. 31 The 
value in fitting an observed pentad/heptad distribution 
with any statistical model is that the results can be used 
to identify the molecular component that gives rise to 
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the various types of stereodefects. None of the models 
led to a defect distribution resembling the schematic 
microstructural model represented in Figure 4B, which 
most closely adheres to the experimental data This 
blocky distribution of defects is difficult to propose with 
the classical two or three state statistical models 
because conceptually it would require switches between 
enantiomorphic (Es) and chain end control (CE) sites 
The results obtained with the modified Busico three- 
state model are of relevance; therefore, they are also 
presented here. In the original work by Busico et al. 25 
the ZN-iPP chains are modeled as a mixture of three 
types of molecules using a three-state statistical model 
For a late generation, but weakly isotactic Ziegler- 
Natta poly (propylene), the result was a mixture of very 
high isotactic molecules produced by an Es state, poorly 
isotactic or atactic molecules produced by a CE state 
and isotactic molecules produced by switching between 
two Es control sites (CI), each leading to different 
isotacticity levels. 

As mentioned earlier, the only change made in Busi- 
co s original three-state model was to employ first-order 
Markovian statistics for the symmetric chain (termed 
CE in Busico s work, now referred to as CE1) component 
as opposed to the Bernoullian statistics used in the 
original Busico three-state model. The enantiomorphic 
Es and switching Cl states were used exactly as 
represented by Busico and co-workers. 25 This modified 
model presents the unfractionated ZN-iPP as a com- 
posite of chains of different lengths in which molecules 
of the same length can have different concentrations of 
randomly distributed defects in two components (from 
Es and Cl chains) and nonrandom defects in the third, 
CE1 chain component. The composite leads to a result 
where the defect concentration will decrease with 
increasing molar mass in agreement with the fraction- 
ation data. The most significant result obtained from 
fitting the modified Busico three-state model to the 
observed ZN-iPP pentad/heptad fraction data is that the 
three states are found to have similar compositions and 
similar sequence distribution curves in all four ZN-iPP 
fractions. It is only the relative amounts of each 
component that is predicted to change from fraction to 
fraction with increasing molar mass. The presence of 
very long isotactic sequences, predicted in the nonran- 
dom CE1 component, is also important. This result may 
lead to similar growth rates as observed for the ZN-iPP 
fractions. During slow crystallization, highly isotactic 
Es molecules and long isotactic sequences from the CE1 
component will be selected first and at about the same 
rate for all the fractions. This is inferred from the 
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Figure 11. Polarized optical micrographs of fractions ZI97K1.03 and Zf328K0.36 isothermally crystallized at 134 X (3 min) 
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Figure 12. A. Variation of the nucleation density with 
molecular mass for fractions (•) and unfractionated ZN-iPP 
(O) crystallized at 134 "C for 3 min. B. Overall crystallization 
rate as a function of molecular mass for ZN-iPP fractions 
crystallized at the indicated isothermal temperatures. 

>0.994 isotactic sequence probability of the Es compo- 
nent predicted for all the fractions.^ 1 The concentration 
of the less isotactic CE1 component was found to 
increase in the fractions of lower molar mass. However 
the effect of this dilution on the crystallization of the 
Es component is predicted to be small and possibly 
compensated by differences in molar masses between 
the fractions. Therefore, the predicted crystallization 
behavior conforms to the experimental observations. In 
addition, most of the crystallizable sequence lengths 
predicted by the ES/C7/CE1 model are over 200 isotactic 
units in agreement with the small contents of the y 
polymorph that are observed. Homogeneously distrib- 
uted metallocene iPPs with average meso run lengths 
of -200 units and higher, led to contents of the y 
polymorph of less than 20%. 21 Thus, it is expected that 
a nonrandom. "stereoblocky", defect distribution of the 
most populated CE1 type molecules of the lowest molar 
mass fractions (Zf328K0.36 and Zfl63KG\60). would 
crystallize with an even smaller content of this poly- 
morph, in agreement with the experimental observations 
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A similar pentad/heptad analysis of the stereose- 
quences in the parent M-iPP and its fractions revealed 
only one principal stereodefect and that was mmrrmm, 
which is the defect that consists of a single opposite 

S^m^pV tHe Same ievel of NMR sensitivity used 
for the ZN-iPP fractions, the rmmr. mmrm + rrm\ and 
rmrm pentads and the various rr centered heptads 
mmd than i mrT l rrm ^ w ere below the experimental 
NMR noise level in the metallocene iPPs. This result is 
predicted by a single state, enantiomorphic site control 
(Es) model 10 and is consistent with the behavior of a 
single sited catalyst. In addition to mmmm, the only 
other significant methyl resonances observed are mmmr 
+ rmmm, mmrr + rrmm, and mmrrmm, which are 
expected in a 2:2:1 ratio, as observed for the M-iPP 
parent and its fractions. This stereodefect. which arises 
from a single configurational error, accounts for virtu- 
fh? fonl ^ e u stereod efects in M-iPP and comprises 
about 20% of the total defect distribution. The stereo- 
defect distribution is, therefore. Bernoullian 1 and con- 
sistent with the linear growth rate data obtained from 
the metallocene series, which does not support any 
significant grouping of regio- or stereodefects. In fact 
iPP prepared with "single sited" metallocene catalysts 
have been shown in independent studies to display 
uniformly distributed stereo- and regiodefects. 1 60 
Concluding Remarks 

•7 J h oo CryS u H ^ ati0n behavior of a metallocene and a 
ZN-iPP with the same molar mass and same overall 
concentration of defects was studied in relation to their 
defect microstructure. Conclusions with respect to inter- 
and intramolecular distribution of the defects in each 
type of iPP were possible from the analysis of the 
crystallization data of their molecular fractions, which 
were obtained by isothermal pressure profile in super- 
critical /3-propane. 

The fractions from the metallocene iPP provide direct 
supporting evidence of the 'single sited" nature of the 
catalyst They display a range in molar mass but the 
same defect concentrations, which indicate the presence 
of uniform intermodular defect concentrations in the 
parent metallocene iPP. The experimental linear growth 
rates of the fractions were those expected for chains with 
a random intramolecular distribution of defects The 
variations of these rates with molar mass reflect their 
different number of entanglements per chain in the 
melt. 

The overall crystallization rates of the parent metal- 
locene iPP and its fractions are affected by an enhanced 




sequence 

mmmm 
rmmm 
rmmr 
mmrr 

mmrm +■ rrmr 

rmrm 

mrrrrm 

mrrrrr 

rrrrrr 

rmrrrm 

rrrrmr 

mmrm + mmrrrm 
rmrrmr 
mmrrmr 
mmrrmm 



Z263K0.51 
parent 

0.9632 
0.0102 
0.0029 
0.0113 
0.0034 
0.0009 
0.0006 
0.0007 
0.0014 
0.0000 
0.0012 
0.0009 
0.0000 
0.0008 
0.0035 



2f97Kl.Q3 

0.9357 
0.0205 
0.0016 
0.0200 
0.0036 
0.0008 
0.0013 
0.0016 
0.0036 
0.0000 
0.0016 
0.0023 
0.0000 
0.0014 
0.0062 



0.9683 
0.0120 
0.0O16 
0.0099 
0.0013 
0.0001 
0.0003 
0.0003 
0.0007 
0.0000 
0.0006 
0.0007 
0.0000 
0.0006 
0.0034 



0.9766 
0.0082 
0.0010 
0.0073 . 
0.0014 
0.0005 
0.0003 
0.0002 
0.0008 
0.0000 
0.0005 
0.0005 
0.0000 
0.0004 
0.0026 



0.9802 
0.0073 
0.0008 
0.0057 
0.0011 
0.0004 
0.0003 
0.0004 
0.0012 
0.0000 
0.0004 
0.0003 
0.0000 
0.0003 
0.0019 
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nucleation. probably caused by catalysts or cocatalyst 
residues. Thus, the rates follow the variation of nucle- 
ation density in each fraction, and a correlation between 
these measurements and the defect microstructure of 
the metal ocene iPP. or its fractions, is not possible 

The molar fractions obtained from the ZN-iPP con- 
firmed that the defect composition is broadly distributed 
on an intermolecular basis. Thus, while the molar mass 
of the fractions varied from 97 000 to 328 000 g/mol the 
concentration of defects decreased from 1.03 to 0.36 mol 
%. In addition, the basically identical growth rates 
obtained in all the ZN fractions and the lack of forma- 
tion of any significant content of the y polymorph, even 
m the most defected fraction, is consistent with a blockv 
intramolecular nature of the defects in the ZN-iPP 
molecules. The data are also consistent with a micro- 
structural model in which most of the crystalline chains 
comprise long runs of basically defect free isotactic units 
followed by runs of other less isotactic or atactic 
sequences. 

fn^nPf SimHar T?" ct y sta »fcation rates were also 
found for most of the ZN fractions, which suggests a 
blocky microstructure. However, the highest nX mass 
fraction displayed much higher nucleation density and 
thus, higher overall crystallization rates than the rest 
of the fractions. This could be attributed to the presence 
of aggregates in the melt from the higher concentration 
of molecules with very high molar mass in this fraction 
1 nese long highly isotactic molecules are not found in 
the narrowly distributed metallocene iPP 

Pi^ a K 0n r SeqUenCe ° f the enhanc ed nucleation caused 
either by foreign particles (possible catalyst residues) 
in the metallocene iPP, or by possible aggregates in the 
melt induced by the long chains of the ZN-iPP a 
correlation between the overall crystallization and their 
m.crostructural variables may not be found. The linear 
growth rates which do not depend on primary nucle- 
ation. were adequately correlated with molar mass in 
fractions from the metallocene iPP. with uniform dis- 
nbut.on. The growth rates also served as a useful tool 
to infer an intramolecular, nonrandom distribution of 
defects in the ZN-iPP chain. 
A multistate statistical model of the ZN-iPP micro- 

tlZTt" PrCd r CtS I" a " m0,ar mass fracti ° ns the same 
three types of molecules, almost defect free isotactic 

nT? 'JPV "u y 1S ° taCtiC molecu,es with non-Bernoullian 
defect distribution, and poorly isotactic molecules The 
defect concentration and sequence distribution of the 
three types of molecules is the same in all ZN-iPP 
fractions, differing only in their relative amounts. This 

^cntc WaS i° Und ? be consiste "t with the fractionation 
results and growth rates of the ZN fractions. 
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